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Abstract 
Francisella tularensis survives in one of the widest environmental 
ranges of any pathogen. Numerous mammals and arthropod vectors are 
infected by this highly virulent organism. How this zoonotic pathogen persists 
outside of its many hosts remains unexplored. We aimed to examine how F. 
tularensis interacts with environmental surfaces, and hypothesized that biofilm 
formation may enable survival of this organism in nature. By understanding 
the role these surface-attached bacterial communities play in F. tularensis 
ecology, we hope to gain insight into the mechanisms of environmental 
persistence and transmission of this pathogen. 
We identify chitin as a potential non-host niche for F. tularensis in 
nature using genetic, microscopic, and biochemical techniques. This 
abundant polysaccharide supported F. tularensis biofilm formation in the 
absence of an exogenous carbon source. This interaction was dependent on 
putative chitinase enzymes which hydrolyze the glycosidic bonds that connect 
GlcNAc monomers. Using a genetic screen, we identified adherence factors, 
including FTN_0308 and FTN0714 that promote attachment to chitin and 
colonization of chitin surfaces. We propose that biofilm formation on chitin 
surfaces in nature enables nutrient scavenging in oligotrophic environments 
allowing this pathogen to replicate and seed disease transmission. 
We found that the effect of nutrient limitation on F. tularensis biofilm 
formation extended beyond chitin utilization. Genetic studies indicated that 
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nutrient starvation triggers a biofilm stress response. We identified static 
growth and nutrient deprivation as cues for enhanced biofilm formation. 
Microarray expression studies identified genes highiy expressed under these 
conditions, including F. tularensis biofilm determinants. Expression of nutrient 
transporters further indicated that biofilm formation promotes environmental 
persistence. 
We finally examined statically grown F. tularensis microscopically to 
determine if altered morphology explained the enhanced biofilm phenotype of 
these cultures. We discovered a novel F. tularensis appendage conserved 
between subspecies and structurally homologous to the Caulobacter 
crescentus stalk. These structures were observed in association with surfaces 
during both biofilm formation and during intracellular infection. A genetic 
screen for mutants in stalk formation revealed that stalk biosynthetic 
components are essential. We predict this structure aids in environmental 
persistence by facilitating surface attachment and nutrient uptake. Through 
this collective work we define evidence that surface association via biofilm 
formation promotes survival during nutrient limitation. 
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Chapter 1: General Introduction 
Tularemia 
Francisella tularensis is a Gram-negative bacterium that causes the 
systemic disease, tularemia (55). Initially characterized as Rabbit Fever by 
Edward Francis, tularemia is acquired via numerous routes from contaminated 
water and infected vectors and mammals (20, 47). F. tularensis is a 
facultative intracellular pathogen that can infect most eukaryotic cell types. 
Macrophages are thought to be the main replicative niche for the bacterium 
within a mammalian host, but bacteria have also been recovered from 
hepatocytes and dendritic cells, amongst others (4, 19, 46). The majority of F. 
tularensis research has focused on virulence mechanisms within host cells 
and methods of immune modulation that facilitate systemic infection. 
Disease manifestation and severity depends on the route of infection. 
Pneumonic tularemia, the most severe form of the disease, stems from 
inhalation of the bacterium. As few as ten organisms can cause a lethal 
infection via this route (146). Introduction of F. tularensis through the skin by 
insect bite or contamination of wounded skin is the most common means of 
acquisition (20, 35). Tularemia can also be contracted through the conjuctiva 
or by ingestion of contaminated food or water. In all cases, severe morbidity 
and mortality is associated with trafficking of the local site of infection to 
systemic sites within the lymphatic and vascular systems (177). While the 
routes of infection are well defined, how F. tularensis survives outside of 
mammalian hosts and seeds infection is unclear. 
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Francisella tularensis subspecies 
Four highly related F. tularensis subspecies have been differentiated 
based on genome sequence homology, geographic distribution, and infectivity 
to mammals. The subspecies are approximately 99% identical in sequence 
and all have conserved the Francisella pathogenecity island (FPI), the major 
virulence determinant of pathogenic strains (192). While the infective dose 
varies between strains, all four F. tularensis subspecies cause similar systemic 
disease in mammals including the mouse model of infection (5, 146). 
Two F. tularensis subspecies cause the majority of tularemia cases 
worldwide. F. tularensis subspecies tularensis (Type A) is the most virulent 
strain classification for this pathogen. Type A strains, including SchuS4 which 
is used as a model strain, can cause lethal infection with less than 10 
organisms (26). This subspecies is isolated exclusively in North America. 
Subspecies holartica (Type B) is found throughout the Northern Hemisphere, 
primarily in Europe. Although less virulent than Type A strains, Type B strains 
can cause disease with an LD50 of a few hundred bacteria (183). In addition to 
these mammalian pathogens, numerous aquatic Francisella species have 
been identified. These strains include F. philomiragia which infects both fresh 
water and marine fish, but is avirulent in mammals (134). 
To study F. tularensis virulence and ecology under laboratory conditions, 
strains with lower infectivity are utilized. These strains are larger similar to 
virulent Type A and Type B strains genetically and cause a tularemia-like 
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disease in mice. These strains are essentially avirulent to immunocompetent 
humans. The live vaccine strain (LVS) is utilized as an attenuated Type B 
strain that can be worked with under BSL-2 laboratory conditions (49). In the 
Monack lab, we work primarily with F. tularensis subsp. novicida (F. novicida). 
This subspecies is genetically tractable and numerous genetic and molecular 
tools have been developed to study this organism (22, 38). 
Francisella tularensis epidemiology and ecology 
Each F tularensis strain is confined to both a specific geographic 
location and subsequent environmental niche. Historically, virulent Type A 
strains were associated with warm, arid climates and are transmitted by 
arthropod vectors (55, 90). F. tularensis subsp. tularensis strains have been 
further subdivided into Type A1 (Eastern United States) and Type A2 (Western 
United States) strains (27). Type A1 strains are found in moist climates, while 
Type A2 strains inhabit the more prototypical dry environments associated 
with early cases of tularemia. While both subtypes are highly virulent, Type 
A1 strains were connected to 100% of lethal tularemia cases in a recent 
epidemiological study (27). Sequence comparisons between the two Type A 
subtypes have not explained this difference in lethality. Type B strains cause 
severe but less lethal cases of tularemia and are closely associated with fresh 
water (2, 7, 17, 44). Numerous outbreaks have been tracked to wells and 
natural springs (10, 31, 53). In Northern Europe where Type B strains are 
endemic, transmission of tularemia is closely connected to mosquitoes. 
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Outbreaks in Sweden peak in the summer when mosquito numbers are 
highest and the number of cases correlates with (54). 
Overall, F. tularensis inhabits a wide variety of environments. This 
pathogen can infect hundreds of mammals and arthropods (146, 153). In 
addition, this organism has been isolated from fresh water sources and can 
survive within environmental amoeba (1, 16, 34, 42). Given the severity of 
disease manifestations caused by F. tularensis, identifying which of these 
environments serves as a reservoir for disease transmission remains an 
important question. Tularemia is typically classified as a vector-borne disease, 
but the disease state within arthropod vectors is unknown. Experimentally, 
Drosophila melanogaster succumbs to systemic F. tularensis infection (51), 
suggesting that vectors are not a true reservoir of disease. Fresh water is 
believed to be the other major site of F. tularensis persistence in nature (2, 10, 
31, 42, 49). For this pathogen to persist in such an environment, it must have 
a means to grow in these oligotrophic environments; a question we address in 
this work. Chitin is a common component of both vector- and water-borne F. 
tularensis and we hypothesized that this abundant polysaccharide may be the 
key to persistence in both environments. 
The lack of tropism is unique among bacterial pathogens. How F. 
tularensis inhabits this breadth of temperatures, nutritional availabilities, and 
environmental stress remains an unaddressed question. Does one 
colonization method allow survival in multiple locations or has F. tularensis 
evolved separate means of surviving in each habitat? By studying how this 
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pathogen senses each environment and the mechanisms of colonization for 
each niche, we can better understand the ecology of this organism 
Stress responses in F. tularensis 
Bacteria have evolved numerous mechanisms to interpret and respond 
to various environmental stresses. These responses mediate proteins that 
promote bacterial survival and include two-component systems, secondary 
messenger production and alternate sigma factors that regulate gene 
expression in stationary phase. The stringent response to starvation and the 
SOS response to DNA damage by antibiotics and reactive oxygen are 
examples of specialized stress responses (62). 
Stress responses and gene regulation have been minimally explored in 
F. tularensis. The majority of information available pertains to the regulation of 
virulence determinants. Given the large number of signals F. tularensis must 
interpret and respond to in order to survive in its large number of hosts and 
environments, stress responses must control more than adaptation to a 
mammalian host. A striking lack of two-component systems, a basic means of 
environmental response, are present in the F. tularensis genome. In fact, a 
single complete histidine kinase-response regulator pairs is annotated based 
on sequence homology to other systems in other bacteria (kdpDE) (108). This 
two-component system regulates the response to potassium availability in 
other Gram negative bacteria. KdpD and QseC histidine kinases, along with 
the PmrA response regulator have been shown to impact F. tularensis 
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virulence (208). Mohapatra et al. reported that PmrA regulates the Francisella 
pathogenecity island which is required for intracellular replication. Recently, 
qseC and pmrA mutations were reported to confer a defect in F. tularensis 
biofilm formation, suggesting these genes regulate more than virulence factors 
(48). Which environmental cues activate these two-component proteins and 
how these systems switch between infection and biofilm formation is unknown. 
Starvation, particularly, amino acid starvation is one well characterized 
trigger of bacterial stress responses. The stringent response in particular 
responds to this cue by generating a secondary messenger. Uncharged 
tRNAs are detected at the ribosome by RelA and SpoT which synthesized the 
guanosine tetraphosphate (ppGpp) alarmone (166). Production of ppGpp 
leads to specific expression response that mediates environmental and host-
associated survival for bacteria including Campylobacter jejuni (67), 
Escherichia coli (11), and Streptococcus mutans (113). Recently, a deletion in 
relA was shown to confer decreased intracellular replication and increased 
biofilm formation (43). The stringent response may therefore mediate the 
transition between environmental colonization and mammalian infection. 
The Dove lab at Harvard has found that the stringent response 
facilitates F. tularensis virulence through interaction with the MgIA signaling 
pathway (personal communication). MgIA is a homolog of the general stress 
response regulator SspA in E. coli and is the best studied F. tularensis 
regulatory protein due to its requirement for virulence (6, 9, 24, 30). Anna 
Brotcke, a former graduate student in the Monack lab, determined the 102 
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gene MglA-regulon by microarray analysis (21) and identified other genes in 
the regulatory pathway (fevR, caiC, and cphA) (20). While many MglA-
reguiated genes, including the entire FPI, function in F. tularensis virulence, at 
least one gene does not impact virulence. MgIA may therefore function as a 
general stress response regulator, like SspA, and regulated genes may 
promote environmental and mammalian colonization. Work by Guina et al. 
(79) on the post-transcriptional roles of MgIA supports this idea. Numerous 
general stress response regulators and chaperones were altered at the protein 
level in a mgIA mutant strain. Additionally, deletions in specific MglA-regulated 
genes conferred decreased survival in stationary phase and resistance to 
reactive oxygen. By investigating the role of MgIA and other F. tularensis 
stress response pathways it may be possible to understand the cues that 
influence environmental colonization and the mechanisms persistence. 
Bacterial biofilms 
Bacteria survive in numerous environments in structured communities 
termed, biofilms. These surface-attached bacterial populations are 
encapsulated within an extrapolymeric substance (EPS) matrix that can 
consist of polysaccharides, protein, and/or DNA (37). Bacterial physiology 
within a biofilm population is heterogenous given varying microenvironments 
within the community structure (155). Biofilms are ubiquitous in natural, 
industrial, and medical settings, usual in or near aqueous environments. 
These bacterial communities promote resistance to environmental stresses, 
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antibiotic treatment, and host immune clearance. EPS barrier function and an 
alternate sigma factor-regulated response that includes decreased metabolism 
mediate this persistence (37). 
The first stage in biofilm formation is surface attachment. Planktonic 
bacteria respond to various environmental and intercellular signals by 
switching to a sessile form. Initial association is normally weak and facilitated 
by van der Waals interactions (37). Surface proteins then strengthen surface 
attachment and connect neighboring cells. Molecular mechanisms of surface 
attachment vary widely between biofilm-forming organisms. Type-IV pili are 
the best characterized attachment factors (36, 41). Beyond connecting 
bacteria to a surface, pili mediate twitching motility, which enables microcolony 
formation and biofilm maturation. Non-motile bacteria can also form biofilms, 
however. Staphylococcal biofilms initiate by Bap-mediated surface attachment 
(151). Once bacteria attach to abiotic and biotic surfaces, cell division and 
EPS production yield three-dimensional biofilms. Biofilm architecture varies 
from thin matts to elaborate mushroom shapes based on species and nutrient 
environment. 
Given the multiple stresses that biofilms respond to and the diverse 
responses that are required for survival, these bacterial populations have 
become a model for understanding inter- and intracellular signaling. The 
paradigm shift that bacteria can communicate and coordinate gene expression 
was discovered in the context of biofilms. Cell-cell communication, termed 
quorum sensing, allows a biofilm to sense population density and express 
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biofilm and virulence genes only when sufficient bacterial numbers are present 
(158). More recently, 3',5'-cyclic diguanylic acid (c-di-GMP) has emerged as 
an essential regulator of biofilm function (38, 191, 215). This secondary 
messenger, which is produced by diguanylate cyclase and degraded by 
phosphodiesterase A (38). These GGDEF and EAL domain-containing 
enzymes mediate the transition between an infectious, planktonic state and 
biofilm formation for bacterial pathogens by controlling c-di-GMP levels (38). 
Environmental cues and other regulatory systems determine GGDEF and EAL 
domain protein levels and activities, forming complex regulatory networks. 
These signaling pathways allow bacteria to sense and successfully respond to 
starvation, oxygen availability, oxidative stress and other detractors of survival. 
By integrating multiple signals to express biofilm genes, bacteria are 
able to withstand nutrient and other environmental stresses to persist in the 
environment. Biofilm formation is an essential survival and transmission 
mechanism for many bacterial pathogens. Legionella pneumophila, one of the 
closest relatives to F. tularensis, survives in aquatic environments in biofilms 
(109, 186). Biofilm formation by this pathogen enables persistence in cooling 
towers and drinking water sources, seeding numerous Legionnaire's disease 
outbreaks (109). Vibrio cholerae is another human pathogen that lives in the 
environment in aquatic environments. V. cholerae biofilms formed on copepod 
molts promote environmental replication of this organism. Cell division in this 
marine environment requires carbon scavenging from the copepod, itself (14). 
The copepod exoskeleton is predominately chitin, a polymer of A/-acetyl-D-
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glucosamine. Numerous bacteria have evolved chitinase enzymes to 
hydrolyze chitin into useable metabolites (50). Seeding of Cholera outbreaks 
in the developing world requires the establishment of this environmental niche 
(167). 
Tularemia is characterized as both vector-borne and water-borne 
disease (55, 138, 146,164). Chitin is a common surface present in both 
transmissive environments: chitinous exoskeletons of arthropod vectors and 
chitin-containing crustaceans in fresh water. We hypothesized that F. 
tularensis utilizes chitin in nature to persist outside of its wide host range. 
Biofilm formation by this zoonotic pathogen would promote interaction with and 
retention of chitin and chitin-derivatives. We found that F. tularensis responds 
to carbon limitation and other environment stresses by prominent biofilm 
formation. Biofilm formation on chitin surfaces required Sec-secreted 
attachment factors and two chitinase enzymes. Static growth strongly 
promoted F. tularensis biofilm formation and upregulated numerous 
persistence genes. A novel polar appendage similar to the Caulobacter 
crescentus stalk may further facilitate environmental persistence with biofilms. 
Further study of the molecular mechanisms of F. tularensis chitin colonization 
will provide insight into how biofilm formation on this nutritive surface 
establishes the first described non-host niche for this highly virulent pathogen. 
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2.1 CHAPTER 2 SUMMARY 
Francisella tularensis, the zoonotic cause of tularemia, can infect numerous 
mammals and other eukaryotes. Although studying F. tularensis pathogenesis 
is essential to comprehending disease, mammalian infection is just one step in 
the ecology of Francisella species. Many pathogenic bacteria possess the 
ability to persist in the environment outside of a host. The potential 
mechanisms of F. tularensis nutrient scavenging in nature and environmental 
replication have not been addressed in the literature. F tularensis has been 
isolated from aquatic environments and arthropod vectors, environments in 
which chitin could serve as a potential carbon source and surface for 
attachment and growth. We show by scanning electron microscopy that F. 
tularensis subsp. novicida forms biofilms during colonization of chitin surfaces. 
Importantly, the bacterial communities proliferated in the absence of 
exogenous sugar suggesting that Francisella species can utilize chitin as a 
carbon source for growth. Growth curves in minimal media supplemented with 
different sugar sources confirmed this hypothesis. Further, the ability of F. 
tularensis to persist using chitin as a sole carbon source is dependent on 
chitinases, since mutants lacking chiA or chiB are attenuated for chitin 
colonization and biofilm formation in the absence of exogenous sugar. Our 
results suggest that chitin surfaces may provide a viable environmental niche 
for F. tularensis in nature by providing a substrate for growth. 
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2.2 INTRODUCTION 
F. tularensis inhabits one of the widest environmental ranges of any 
known pathogens. Indeed, F. tularensis has been isolated from a variety of 
sources including lagomorphs, arthropods, amoeba and fresh water (5, 146, 
153, 154). The high mortality rate in infected mammalian hosts (177) 
suggests that mammals are not the natural reservoir for this pathogen. 
Understanding the environmental lifestyle of F. tularensis will help elucidate 
the survival mechanisms of this pathogen outside of a host and identify risks 
for human exposure. 
Recently, outbreaks of tularemia were associated with fresh water, 
particularly outbreaks of F. tularensis subspecies holarctica (Type B) in 
Eurasia (25, 214). While the most virulent subspecies, F. tularensis subsp. 
tularensis (Type A), was historically linked with the arid climates of North 
America, a recent epidemiological study found that 100% of tularemia mortality 
was associated with Type A1 strains found in moist climates of the United 
States (103), suggesting that water may serve as an environmental reservoir 
for F. tularensis. 
The survival of some bacteria in an aquatic environment is associated 
with their ability to utilize chitin as a carbon source. Chitin is the second most 
abundant biopolymer in nature and provides structure to many organisms, 
including the cell wall of fungi (13) and the exoskeleton of arthropods and 
insects (132). This oligomer of A/-acetyl-D-glucosamine (GlcNAc) is hydrolyzed 
by a family of enzymes, termed chitinases (14). These enzymes serve a 
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variety of roles and are conserved from bacteria to mammals. Bacterial 
chitinases provide environmental organisms the ability to acquire carbon in 
otherwise nutrient-limiting conditions (99). For example, Vibrio cholerae, the 
etiological agent of cholera, utilizes chitinases to persist in marine 
environments on copepod molts (139). The interaction of V. cholerae with 
chitin influences various metabolic and physiologic responses in this 
microorganism. For example, Meibom et al. demonstrated that association 
with chitin and chitin-derivatives led to a specific expression profile in V. 
cholerae that included two chitinase genes and the pili genes required for 
colonization and subsequent biofilm formation on nutritive and non-nutritive 
surfaces (129). Environmental studies have clearly shown that attachment to 
chitin surfaces is an integral part of the aquatic lifestyle of V. cholerae, and 
biofilm formation constitutes a successful survival mechanism (167). 
Outbreaks of tularemia in Europe have now been specifically attributed to 
crustaceans (4, 45), suggesting a similar means of persistence and 
transmission may exist for F. tularensis. 
Survival of microbes in aquatic environments is promoted by the ability 
to form biofilms on various surfaces (41). Biofilms are surface-attached 
bacterial populations encased in an extracellular matrix found mainly in 
aquatic environments (36). Distinct stages of biofilm formation have been 
described (193). The initial stage involves the attachment of planktonic 
bacteria to a substrate. After attachment, the bacteria replicate on the surface 
and then mature into three-dimensional, matrix-encapsulated communities 
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(120, 193). Formation of these biofilm communities is associated with 
enhanced survival during environmental stress (2) and increased resistance to 
antibiotics (37). 
Biofilms formed by pathogenic bacteria play an important role in 
colonizing a variety of environmental and medically-relevant surfaces. 
Pseudomonas aeruginosa biofilms promote colonization of in-dwelling 
catheters in hospital patients and a biofilm-like physiology occurs during cystic 
fibrosis lung infection (35, 180). Yersinia pestis biofilms are reported to 
function in transmission of plague bacteria via colonization of the 
proventriculus of fleas and the mouth of nematodes (40, 95). Formation of 
biofilms by these microorganisms is believed to facilitate environmental 
survival and provide a potential mechanism of transmission (83). 
A review by Hassett et al. (87) indicated that the F. tularensis subsp. 
holartica live vaccine strain (LVS) can form biofilms on glass coverslips (87). 
However, the environmental relevance and molecular mechanisms of F 
tularensis biofilm formation were not characterized. F. tularensis subspecies 
encode for 2 conserved putative chitinases, chiA and chiB 
(http://www.biohealthbase.org). Various F. tularensis subspecies have been 
isolated from chitin-exoskeletoned arthropods (146) and from fresh water, 
where outbreaks have been associated with chitinous crustaceans (4, 45). 
We, therefore, investigated the interaction of F. tularensis subsp. novicida (F 
novicida) with chitin. We show that F. novicida forms biofilms on natural and 
synthetic chitin surfaces. Formation of these bacterial communities was 
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dependent on two chitinase genes when exogenous sugar was not present. 
From the published epidemiology data (4, 29, 45) and our discovery of F. 
novicida utilization of chitin during biofilm growth, we propose that chitin may 
represent a replicative niche for non-host associated F. tularensis strains in 
nature. 
2.3 RESULTS 
2.3.1 F. novicida forms a biofilm on chitin surfaces. 
We hypothesized that chitin may be an environmentally relevant surface for 
the persistence of F. tularensis in nature based on the presence of two well-
conserved chitinase genes in the sequenced F. tularensis genomes (Table 1). 
Homology to glycosyl hydrolase family 18 chitinases was determined using the 
SMART bioinformatics algorithm (114, 173). Maintenance of the chiA and 
chiB genes in F. tularensis subspecies and the related but divergent fish 
pathogen, Francisella philomiragia, suggested that chitinases provide a 
selective advantage for Francisella species in nature. We, therefore, 
reasoned that these enzymes may confer the ability of this non-motile 
pathogen to acquire carbon from the local microenvironment. F tularensis 
subsp. novicida (F. novicida) is a close relative of the highly virulent Type A F. 
tularensis subsp. tularensis and encodes for both chitinase enzymes. 
Because F. novicida is genetically tractable, we used this subspecies as a 
model to study the molecular aspects of F. tularensis ecology. 
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Table 1 - Francisella species chitinase genes 
Strain chiA homolog (E-value) chiB homolog (E-value) 
F. tularensis subsp. tularensis SchuS4 FTT0715 (9e-66) FTT_1768c (2e-15) 
F. tularensis subsp. tularensis FSC198 FTF0715 (3e-70) FTF_1768c (2e-15) 
F. tularensis subsp. holarctica LVS FTL_1521 (9e-66) FTL_0093 (1 e-15) 
F. tularensis subsp. holarctica OSU18 FTHJ471 (2e-68) FTH_0088 (1e-15) 
F. tularensis subsp. novicida U112 FTN_0627 (4e-69) FTN_1744 (4e-14) 
Francisella philomiragia Fphi 0215(1e-66) Fphi 0864(1e-15) 
E-value based on comparison to glycosyl hydrolase 18 family 
chitinases 
To test the ability of F. tularensis species to adhere to a chitin-
containing surface, we incubated F. novicida with crab shell pieces. Crab 
shells are rich in chitin, a constituent of various surfaces Francisella species 
may encounter and subsequently colonize in their natural habitats. These 
surfaces include copepod and zooplankton shells in fresh water environments 
and the exoskeletons of arthropod vectors. 
We first compared the ability of F. novicida to colonize crab shell pieces 
to known chitin colonizer, Vibrio cholerae (92, 129, 167), the causative agent 
of cholera. Meibom et al. established that significant V. cholerae El Tor 
colonization is observed on crab shells and chitin beads when logarithmic 
phase bacteria grown in rich LB are allowed to colonize for 24 h at 30° C and 
then subsequently incubated for an additional 24-48 h in minimal Defined 
Artificial Salt Water medium (129). We tested F. novicida in parallel with wild-
type V. cholerae El Tor and the AmshA V. cholerae pili mutant strain negative 
control in this crab shell colonization assay. F. novicida was grown in rich 
modified Mueller Hinton (MH) broth and inoculated onto approximately 1 cm2 
pieces of sterile crab shell for 24 h. Both wild-type V. cholerae and F. novicida 
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were recovered at higher levels than the AmshA V. cholerae pili mutant 
(Figure 1A). Parallel samples were washed and incubated for an additional 24 
h in minimal Chamberlain's defined medium (CDM). After 48 h, F. novicida 
was recovered at statistically equivalent numbers from the crab shell pieces as 
wild-type V. cholerae (Figure 1B). The AmshA mutant strain had a siginificant 
defect in chitin colonization compared to both wild-type V. cholerae and F. 
novicida (P<0.002). For all strains, approximately two-logs replication were 
observed between the 24 h and 48 h time point indicating replication of the 
initially adhered bacteria, potentially on the crab shell surface. 
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Figure 1 - F. novicida colonizes chitin-based crab shells equivalently to V. cholerae. 
Wild-type F. novicida chitin colonization was compared to the wild-type V. cholerae El Tor and 
the AmshA pili deletion mutant strains. All strains were grown to mid-logarithmic phase in rich 
medium and then inoculated onto sterile crab shell pieces and allowed to associate with the 
surface for 24 h (A). Parallel samples were washed and incubated for an additional 24 h in 
minimal medium (B). The graphs above represent the mean of three independent samples. 
Both wild-type F. novicida and V. cholerae were recovered at statistically equivalent higher 
CFU than the AmshA mutant strain at both time points (P^).002). 
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After establishing that F. novicida colonizes crab shells to a similar 
extent to V. cholerae, we sought to differentiate between bacteria settling on 
the crab shell surface over time and actual proliferation on the chitin surface. 
We visualized F novicida chitin colonization by scanning electron microscopy 
(SEM) to address this question. To establish if F. novicida could replicate on 
the crab shell surface, we shortened the time allotted for bacterial attachment 
to 1 h. At this point, the shells were washed and the rich medium was 
replaced with CDM lacking a sugar source. After 1 h attachment at 30°C, 
individual and small groups of adhered bacteria were present on the shell 
surface as visualized by SEM (Figure 2A,B). Three-dimensional bacterial 
communities were present on the chitin-based surface for the parallel samples 
that were washed after 1 h and incubated for an additional one week in CDM 
(Figure 2C). At higher magnification (Figure 2D), we observed microcolonies 
consisting of individual bacteria surrounded by an extracellular polymeric 
substance (EPS) matrix. This experiment clearly demonstrated an increase in 
adhered biomass between 1 h and one week, indicating that F. novicida can 
replicate on this surface. Additionally, the observed community structure at 
one week suggests F. novicida can proliferate as biofilms on the 
environmentally relevant surface, chitin. 
Although crab shells consist mainly of chitin, they contain additional 
components, such as other carbohydrates and protein (143). To test if chitin is 
sufficient to support F. novicida colonization and proliferation, we visualized 
bacterial attachment and biofilm formation on synthetic chitin films provided 
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generously by Melanie Blokesch and Gary Schoolnik (217). The 1 h 
attachment and one week proliferation experiments were performed as above 
on the crab shell experiment. At 1 h post-inoculation, single bacteria were 
attached to the chitin films (Figure 2E,F). One week after shift to minimal 
medium, the surface of the chitin films contained F. novicida microcolonies 
and EPS extensions (Figure 2G,H), and were similar in architecture to the 
biofilms that we observed on crab shell pieces (Figure 2A-D). 
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Figure 2 - F. novicida biofilm formation on chitin surfaces. 
Images display SEM visualization of F. novicida colonization of crab shell pieces (A-D) and 
synthetic chitin films (E-H). Individual attached bacteria and small attached microcolonies 
were observed on the crab shell pieces at one hour (A,B). After one week, typical 3D biofilm 
architecture was observed, consisting of bacteria surrounded by an EPS matrix (C,D). Similar 
results were obtained after one hour (E,F) and one week (G,H) on synthetic chitin. Scale bar 
is 20pm for lower magnification images (left column) and 5pm for higher magnification images 
(right column). 
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2.3.2 F. novicida can utilize M-acetyl-D-glucosamine as a carbon source 
for growth. 
F. novicida persistence and proliferation on chitin surfaces in the absence of 
exogenous sugar suggested that this pathogen was able to utilize the chitin 
component of the surface as a nutrient source. To test this, we grew F. 
novicida in CDM either without added sugar, supplemented with 10mM 
glucose (a known metabolic substrate for Francisella species (116)), or with 
10mM GlcNAc (the monosaccharide end product of chitin hydrolysis (50)) in 
aerated batch culture. We grew cultures overnight in CDM with glucose and 
subcultured into the appropriate medium. Optical density at 600 nm (OD6oo) 
and colony forming units (CFU) were tracked over time. F. novicida growth 
was negligible in CDM in the absence of an added sugar (doubling time 11.25 
h; Figure 3). In contrast, F. novicida grew in CDM supplemented with 10mM 
glucose with a doubling time of 63 minutes (Figure 3). Similarly, F. novicida 
grew in CDM supplemented with 10mM GlcNAc (doubling time of 76 minutes). 
The high proliferation of F. novicida on chitin surfaces (Figure 2) may, 
therefore, be explained by the -11-fold increase in growth rate between F. 
novicida grown in CDM with GlcNAc compared to CDM without sugar. We 
conclude that F. novicida can metabolize GlcNAc, suggesting that hydrolysis 
of chitin by chitinases to generate GlcNAc (99) may provide a local nutrient 
source for persistence and growth. 
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Figure 3 - F. novicida can utilize GlcNAc as a carbon source for growth. 
Graph indicates growth of Wild-type F. novicida in CDM with glucose was diluted into CDM 
with 10mM glucose, 10mM GlcNAc, or CDM with no sugar added. Wild-type bacteria were 
grown overnight to stationary phase in CDM with 10mM glucose and then diluted into the 
appropriate medium. Growth in broth was measured over time in terms of CFU/ml culture. 
2.3.3 Chitinase genes facilitate F. novicida growth on chitin surfaces. 
To further address the importance of chitin as a non-host niche for Francisella 
species in nature, we constructed F. novicida mutants lacking either of the 
chitinase genes, AchiA (FTN_0627) and AchiB (FTN_1744), and a mutant 
strain lacking both chitinases. Hager et al. demonstrated that the F. novicida 
homologs of these enzymes that contain chitin-binding domains are secreted 
and bind to chitin beads (82). Deletion mutants were constructed using the 
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splicing of overlap extension (SOE) PCR technique (121) to generate 
constructs with an antibiotic resistance cassette flanked by regions of 
homology to the approximately 500 bp immediately upstream and downstream 
of the targeted gene. These PCR constructs were introduced into wild-type F. 
novicida via chemical transformation (23). The single chitinase mutants were 
complemented using the SOE technique, as well. We complemented the 
AchiA deletion mutant in cis and the AchiB strain in trans by recombining the 
SOE construct into pFNLTP6 (123). This plasmid expresses genes under 
control of the groEL promoter in Francisella species. We expected the 
chitinase deletion mutant strains to be attenuated for persistence and biofilm 
formation on chitin surfaces if F. tularensis species have evolved to form 
biofilms on chitin surfaces to scavenge carbon. 
We tested the ability of the chitinase mutant strains to adhere and 
proliferate on chitin surfaces compared to wild-type F. novicida. Indeed, the 
AchiA and AchiB deletion mutants were attenuated for colonization when 
incubated on chitin-containing crab shells in the presence of CDM without 
sugar. The chitinase mutant bacteria attached to crab shells to the same 
extent as wild-type F. novicida based on the 1 h attachment assay described 
above (Figure 4). Therefore, these hydrolytic enzymes do not appear to 
function in the initial association with a chitin surface. Despite an equivalent 
adhered starting population as wild-type F. novicida, we recovered 16- and 15-
fold fewer AchiA and AchiB mutant bacteria compared to wild-type F. novicida 
(PO.001), respectively, after 2 days colonization on crab shells in CDM 
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without sugar (Figure 5A). Furthermore, we recovered equivalent AchiAAchiB 
double chitinase mutant bacteria compared to the AchiA or AchiB single 
chitinase mutant strains (Figure 5A), suggesting that the two chitinase genes 
act in the same metabolic pathway, as predicted by KEGG pathway analysis 
(97). Mutant AchiA and AchiB strains growth on chitin was restored by the re-
introduction of wild-type copies of each chitinase gene into the coinciding 
mutant strain as measured by increased crab shell colonization to near wild-
type F. novicida levels (Figure 5A). 
We postulated that the inability of chitinase mutant bacteria to convert 
chitin to the useable metabolite, GlcNAc, explains the attenuated colonization 
of these mutants on chitin. Indeed, the inability of the chitinase mutants to 
colonize crab shells was alleviated by the addition of 10mM GlcNAc to the 
exogenous medium (Figure 5B), indicating that the chitinase mutant bacteria 
possess the determinants required to colonize a chitin surface, but lack the 
ability to generate a useable carbon source in order to proliferate. The 13-fold 
decrease in recovered wild-type F. novicida when GlcNAc was added (Figure 
5) is consistent with microarray data published for V. cholerae demonstrating 
that when this pathogen was grown in the presence of excess GlcNAc, the pili 
and chitinases required to colonize this surface were repressed (129). 
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Figure 4 - F. novicida chitinase attach to crab shells equivalent to wild-type bacteria. 
Wild-type (black), chitinase mutant (white), and complemented mutant strains (grey) were 
grown in MH medium overnight at 30° C and then inoculated for 1 h onto sterile crab shell 
pieces. The average CFU/ml recovered after 1 h for triplicate samples is displayed above. 
Both the individual AchiA and AchiB deletion mutant strains, as well as the double AchiA 
AchiB mutant were recovered at equivalent levels to wild-type F. novicida. Complemented 
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Figure 5 - Chitinase mutants are attenuated for chitin colonization in the absence of 
exogenous sugar. 
Stationary phase wild-type and chitinase mutant bacteria were allowed to adhere for 1 h to 
crab shell pieces. Equivalently adhered strains were allowed to colonize these chitin surfaces 
in CDM with or without GlcNAc at 30°C. Triplicate samples were harvested 2 d post-
inoculation and enumerated for CFU. Chitinase mutant F. novicida (white) were recovered at 
statistically lower levels than wild-type bacteria (black), (P<0.001) when incubated in CDM (A), 
but in equivalent numbers in CDM with GlcNAc (B). Addition of wild-type chiA and chiB genes 
to deletion mutant strains (grey) complemented the chitin colonization defects observed during 
colonization in CDM without GlcNAc (A). 
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We next compared the architecture of the communities formed by the 
chitinase mutants on crab shells or chitin films in the absence of exogenous 
sugar for one week by SEM. In contrast to wild-type F. novicida, the chitinase 
mutants were present as single bacteria or small, mostly monolayer, clusters 
of bacteria (Figure 6). This level of colonization resembled that observed at 1 
h (Figure 2). Since we demonstrated that chitinase mutants strains adhere 
equal to wild-type (Figure 4), the differences in accumulated biomass at one 
week is indicative of a defect in replication. We concluded that F. novicida 
biofilm formation on chitin in the absence of exogenous sugar requires 
functional chitinase enzymes. 
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Figure 6 - Chitinase genes are required for biofilm architecture on chitin surfaces 
during nutrient stress. 
Images show representative colonization by wild-type and chitinase mutant strains on crab 
shells (A-D) or synthetic chitin films (E-H). Bacteria were allowed to attach for 1 h and then 
incubated for one week at 30°C before being processed for SEM. In contrast to extensive 3D 
biofilm development in wild-type F. novicida, the chitinase mutants were present as single 
bacteria or small clusters of bacteria on both natural and synthetic chitin. Scale bar is 10um. 
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2.4 DISCUSSION 
In this chapter we describe the first characterization of F. tularensis 
biofilms on an environmentally relevant surface. One limitation in biofilm 
studies has been the reliance on glass and polystyrene to characterize the 
formation of these surface-associated bacterial communities. In a review, 
Hasset etal. reported unpublished data stating that the F. tularensis LVS 
strain formed biofilms under static conditions (87). While the authors claimed 
that biofilm formation by F. tularensis species promotes interaction with 
amoeba, the single figure provided merely shows fluorescence imaging of 
GFP-labeled LVS overlaid over a phase image of Acanthamoeba castellanii. 
Two additional publications have recently discussed F. tularensis biofilms (43, 
48), but neither offered relevance for these communities or provided structural 
characterization. Both publications relied solely on crystal violet staining of 
polystyrene-attached bacteria to establish biofilm formation. 
Our microscopy studies revealed that F. novicida forms biofilms on 
chitin surfaces (Figure 2), providing potential insight into where biofilm 
formation by this pathogen may be relevant in nature. These surfaces include 
fresh water crustaceans and arthropod vectors. The lower attachment of F. 
novicida to the smooth chitin films compared to the topographically varied crab 
shells after one hour (Figure 2A,E) may explain the decreased biofilm growth 
on the pure chitin surface compared to crab shells (Figure 2C,G). 
Alternatively, additional components in the crab shell, like protein, may allow 
for more rapid expansion of the adhered population. 
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During the chitin colonization experiments, biofilms formed in the 
absence of exogenous sugar. Growth in CDM without sugar enhanced chitin 
surface growth approximately 13-fold compared to F. novicida grown on crab 
shell pieces in the presence of GlcNAc (Figure 5). We hypothesized that F. 
novicida could utilize the chitin surface, itself, as a substrate for growth and 
that carbon limitation was a cue for chitin colonization. The ability to grow with 
chitin as a carbon source is conserved amongst many environmental 
microorganisms, including Shewanella oneidensis, Serratia marcescens, 
Streptomyces coelicolor, and a number of marine Vibrio species (34, 47, 92, 
194). Hydrolysis of chitin to GlcNAc monomers is catalyzed by chitinase 
enzymes. These enzymes cleave the (31 ->4 linkages that connect these 
monosaccharides (14). GlcNAc liberated by chitinase hydrolysis of chitin can 
be converted to the glycolytic intermediate, fructose-6-phosphate (99). By 
comparing F. novicida growth in minimal medium with no exogenous sugar, 
glucose, or GlcNAc, we demonstrated that this organism can grow with 
GlcNAc as a carbon source (Figure 3). To understand the full array of chitin 
derivatives that F. tularensis species can metabolize, growth on different 
GlcNAc polysaccharides including chitobiose, chitosan, and (GlcNAc)6 should 
be explored in the future. 
We further illustrated that F. novicida biofilm formation on crab shell 
pieces requires chitin utilization by characterizing the biofilm phenotype of 
deletion mutants in two well-conserved chitinase genes (Table 1). Although 
we have not been able to express these proteins to confirm chitinase activity 
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biochemically, Hager et al. did show that ChiA and ChiB have chitin-binding 
domains and bind to chitin beads in vitro (82). Chitinases are divided into two 
functional classes, with distinct substrate specificities. Exochitinases 
demonstrate specific activity for the non-reducing end of the chitin polymer, 
while endochitinases hydrolyze the (31 ^ 4 linkages that connect GlcNAc 
monomers (14). The chiA gene is annotated by KEGG pathway analysis as 
the F. tularensis endochitinase and chiB the exochitinase (97). Single 
deletions in chiA and chiB, as well as a double deletion strain, attached 
equivalent^ to wild-type F. novicida (Figure 4), but colonized to a lesser extent 
(Figure 5) and showed little biofilm formation when grown on chitin surfaces in 
the absence of exogenous sugar (Figure 6). While equal CFU were recovered 
for the AchiA and AchiB deletion mutants after 2 d crab shell colonization in 
CDM lacking sugar (Figure 5), visually larger microcolonies were consistently 
observed for the AchiB mutant strain in our SEM images of crab shell 
colonization at one week (Figure 6). The putative exochitinase activity of this 
gene product may explain this intermediate phenotype. A mutant lacking the 
ChiB enzyme would not be able to cleave the ends of chitin strands, but would 
still have the ability to hydrolyze (31->4 linkages generating short chain GlcNAc 
polymers. The equivalent phenotype of the single deletion mutants as the 
AchiAAchiB double mutant strain in these assays furthers the idea that these 
gene products function in the same metabolic pathway. 
The ability of the chitinase mutant strains to persist at low levels could 
be due to the utilization of the amino acids present in the CDM medium. 
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Although severely retarded compared to growth in CDM with glucose or 
GlcNAc added, F. novicida did grow in CDM with no sugar (Figure 3). 
Alternatively, natural degradation of the crab shell during the experiment could 
liberate enough free GlcNAc to enable the bacteria to persist, but not replicate. 
Regardless, the highly significant difference between wild-type and chitinase 
mutant bacteria suggests that chitinases strongly contributes to F. novicida 
persistence on chitin in otherwise carbon-limiting conditions. From these 
results we conclude that functional ChiA and ChiB gene products are required 
for F. novicida biofilm formation during nutrient-limited growth. Chitinases, 
therefore, may provide a nutrient source for F. tularensis in fresh water, 
allowing for environmental persistence of this pathogen. Biofilms formed on 
chitin surfaces may then sequester freed GlcNAc in the local 
microenvironment enabling F. tularensis replication. 
Survival of F. tularensis outside of a mammalian or arthropod host has 
only been limitedly investigated. Mironchuck et al. found that shrimp, 
mullosks, diatoms, or zooplankton increased the persistence of this pathogen 
for an additional week to one month in nutrient-poor water (135). Each of 
these organisms presented a chitin source for F. tularensis to utilize in this 
environmental modeling study. 
The observed biofilm phenotype on crab shells and synthetic chitin is 
similar to what is observed with V. cholerae (14, 129). Cholera, which affects 
millions in seasonal outbreaks of diarrheal disease in the developing world 
(60), relies on chitinous copepods to replicate and seed infection. V. cholerae 
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has evolved a well controlled means to sense the combination of starvation 
and chitin availability to regulate expression of genes that promote survival on 
this complex polysaccharide (129). While only a few thousand cases of 
tularemia are reported annually (177), the emergence of disease in Europe 
where tularemia is now endemic (146) and the threat of weaponization (153) 
make understanding how F. tularensis survives in nature crucial. Our 
observation that F. novicida forms biofilms similar to V. cholerae on chitin 
provides a first indication of the F. tularensis environmental persistence 
mechanisms. Unlike V. cholerae, F. tularensis is non-flagellated and non-
motile and cannot chemotax towards higher nutrient gradients (39). 
Therefore, attachment to and utilization of chitin surfaces may be one of few 
means of nutrient acquisition in nature. With the experimental model system 
we developed in completing this work, we can now address the genetic 
determinants and molecular mechanisms of this interaction. 
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3.1 CHAPTER 3 SUMMARY 
The discovery of F. novicida biofilm formation on chitin surfaces 
provided us an opportunity to explore the establishment of these communities 
by non-motile pathogenic bacteria. If biofilms, indeed, promote survival of F. 
tularensis outside of a host, it is imperative to understand how these 
populations form and grow for the control of disease transmission. To further 
characterize F. tularensis biofilm formation and identify factors that promote 
biofilm attachment and growth we used established biofilm models: flow cells 
and crystal violet staining of static biofilm growth. Investigation of in vitro 
biofilms on abiotic surfaces provided a model system to characterize and 
genetically dissect F. novicida biofilm formation and test the ability of other 
pathogenic F. tularensis strains to similarly attach and proliferate on a surface. 
To determine the genetic determinants of F. tularensis biofilm 
formation, we screened a "Two Allele" transposon-insertion mutant library for 
mutations that conferred altered biofilm formation. Biofilm formation was 
assayed by crystal violet staining. This forward genetic screen for biofilm 
mutants that exhibited both reduced and enhanced biofilm formation. In this 
chapter, the 88 genes required for wild-type levels of F. novicida biofilm 
formation are highlighted. Fifty-eight of these genes were attenuated for initial 
attachment to polystyrene based on a secondary screen for adhesion mutants. 
This gene list included the Sec translocon apparatus, as well as 14 putative 
secreted proteins. We mutated two chaperone genes {secB1 and secB2) 
involved in Sec-dependent secretion and 4 genes that encode for putative 
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secreted proteins. All mutants were deficient for attachment to both 
polystyrene and chitin surfaces and for biofilm formation compared to wild-type 
F. novicida. These biofilm-deficient deletion mutants were also attenuated for 
systemic colonization of Drosophila melanogaster. Conversely, these mutants 
were virulent in macrophages and mice. We hypothesize that these Sec-
secreted factors, particularly the FTN0308 and FTN_0714 gene products that 
contain putative chitin-binding domains, allow for specific adherence to non-
mammalian surfaces and enable F. tularensis to utilize chitin surfaces as a 
non-host niche in nature. 
3.2 INTRODUCTION 
In Chapter 1 we describe the potential environmental relevance of F. 
tularensis biofilm formation on chitin surfaces. The missing piece to this model 
was the genetic determinants that facilitate the initial association with the chitin 
surface that initiates this process. Identifying the bacterial factors that enable 
F. tularensis to attach to chitin will lead to a better understanding of how this 
zoonotic pathogen colonizes environmental surfaces and may eventually allow 
for blocking environmental persistence and transmission to the chitinous 
arthropod vectors that transmit tularemia. To further characterize F. tularensis 
biofilm formation and identify factors that promote biofilm attachment and 
growth we used established biofilm models: flow cells (161) and crystal violet 
staining of static biofilm growth (148). 
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Genetic screens have been used to identify the genetic factors required 
for biofilm formation in a variety of both Gram-negative and Gram-positive 
bacteria, including Pseudomonas aeruginosa, Shewanella oneidensis, 
Caulobacter crecentus, Vibrio species, and Staphylococcus auerus (56, 57, 
148, 190, 196). These studies revealed that although many steps in biofilm 
formation are conserved among various biofilm-forming bacteria, the 
molecular mechanisms utilized by bacteria during biofilm growth can be 
species-specific. For example, Type-IV pili are required for adherence and 
biofilm formation for S. oneidensis, Vibrio and Pseudomonas species (147, 
190, 216), but not for Caulobacter crescentus and Staphylococcus aureus, 
which form microcolonies via other means (57, 196). 
Biofilm determinants for pathogenic bacteria often have a second role in 
virulence, including Type-IV pili, which are also required for attachment to 
epithelial surfaces and systemic colonization of mammalian hosts (210). It is 
unknown if such functional redundancy occurs in F. tularensis. Therefore, our 
screen for F. tularensis attachment and biofilm genes was particularly 
informative because very little is known about the adherence mechanisms of 
this bacterium to host or non-host surfaces. 
As mentioned above, Type-IV pili are a common component of Gram-
negative surface association. LVS Type-IV pili mutants are attenuated for 
systemic infection during intradermal infection, but surprisingly adhere and 
replicate within macrophages at wild-type levels (26). Although piliated, F. 
tularensis strains are not motile under laboratory conditions (39) which further 
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suggested that this pathogen utilizes novel molecular mechanisms to form 
biofilms. 
The only factor directly attributed to F. tularensis adhesion in any 
context is fpaP (FTN_1596), a membrane protein that when expressed in non-
adherent Escherichia coli confers the ability to attach to L549 lung epithelial 
cells (130). Nothing to date has been published on F. tularensis attachment 
factors for non-mammalian surfaces. Recently, Durham-Colleran et al. tested 
specific F. novicida transposon-insertion mutants for biofilm formation and 
identified pmrA as the first biofilm-attenuated mutant for Francisella species 
(48). The role of this virulence factor in biofilm formation remains unclear. 
Given the variety of environments and surfaces that Francisella species 
inhabit and the general lack of homology to known adhesins in other Gram-
negative bacteria, we postulated that screening for F. tularensis biofilm 
formation would identify novel mechanisms of attachment that may be 
conserved among non-motile organisms. 
We utilized a "Two Allele" transposon-insertion mutant library made 
available by Larry Gallagher and Colin Manoil at the University of Washington 
(66) to screen for genes that contribute to biofilm formation and initial 
attachment based on crystal violet staining (148). The Two Allele library 
consists of two or more independent transposon-insertion mutants in all non-
essential F. novicida genes. At the time of screening, Plate 15 of the library 
was unavailable due to quality control issues, resulting in a library size of 
2,954 mutants. We identified 98 mutants, representing 88 genes, that were 
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deficient for biofilm formation and here we describe the role of Sec-secreted 
proteins in initial attachment to abiotic and biotic surfaces. 
3.3 RESULTS 
3.3.1 Characterization of biofilm development by Francisella species. 
High throughput testing of thousands of transposon-insertion mutants for 
biofilm formation on chitin was technically challenging. We, therefore, turned 
to in vitro biofilm formation on abiotic surfaces as a model system. Before we 
could screen for genetic determinants of Francisella species biofilm formation, 
we first needed to validate that these organisms formed biofilms in established 
in vitro biofilm models. We incubated GFP-labeled F. novicida in the flow cell 
system (31) to confirm in vitro formation of biofilm communities under flow 
conditions. Mid-logarithmic phase F. novicida were inoculated into flow cell 
chambers in triplicate and allowed to adhere for 1 h. Once flow of MH broth 
was initiated, we analyzed bacterial attachment and surface growth at ambient 
temperature (20-22°C) and a flow rate of 0.1 ml/min by confocal laser 
scanning microscopy (CLSM) at various timepoints (24h, 48h, 72h, 96h and 
120h) (Figure7). At 24 h, we found only single cells and small clumps of 
bacteria, similar to the 1 h attachment SEM images of F. novicida attaching to 
chitin surfaces. This result suggested that the bacteria were not replicating or 
were replicating but becoming dissociated from the surface in the presence of 
laminar flow. At 48 h, however, we noted proliferation at the glass surface, 
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and over five days we observed the formation of a matt-like biofilm with an 
average depth of approximately 15 pm. Given an average width of 1 pm for a 
single bacterium, flow cell biofilms were about 15 cells high. This architecture 
of flow-cell-grown F. novicida biofilms was similar to that reported for other 
Gram-negative species, including the related Y-proteobacterium S. oneidensis 
(190) and a-proteobacterium C. crescentus (57). Our results indicate that F. 
novicida is able to form biofilms on an abiotic surface, such as glass, with 
similar architecture to that observed on chitin (Figure 2). These results are 
consistent with the report by Hassett et al. indicating that LVS can form 
biofilms on glass coverslips in the absence of flowing media (87). 
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Figure 7 - Francisella forms a matt-like biofilm underflow conditions. 
GFP expressing F. novicida grown at room temperature (20-22°C) were imaged daily in flow 
cells run at 0.1ml/min using confocal laser scanning microscopy. Representative images from 
triplicate experiments are shown. At 24h (A), small groups of bacteria are present. Over the 
next 48h (B,C), a uniform monolayer of bacteria is observed on the surface. By 96h (D), depth 
in the biofilm is observed and at 120h (E) the biofilm reached an average thickness of 15pm. 
Scale bar is 15.2pm. 
We next utilized a modified OToole and Kolter microtiter assay (148) to 
establish a high throughput model for F. tularensis biofilm formation. This 
assay measures adhered biomass under static conditions by crystal violet 
stain. F. novicida and F. tularensis subsp. holarctica live-vaccine (LVS) strains 
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were grown at 26°C and 37°C in 96-well microtiter plates. Recent work by 
Horzempa et al. found that the LVS strain demonstrated different expression 
profiles at these two temperatures (91). The OD570 (Figure 8A,B) and crystal 
violet staining (CV570), (Figure 8C,D) were measured over 152 h. The kinetics 
of static growth by Francisella species have not been previously reported. 
Consistent with the kinetics of aerated growth (88), LVS replicated slower than 
F. novicida at both temperatures (Figure 8A,B). At 26° C, F. novicida entered 
stationary phase at 54 h, while LVS did so at 112 h. A similar result was 
obtained at 37° C, where F. novicida and LVS entered stationary phase at 24 
h and 54 h, respectively. 
Both F. novicida and LVS strains showed increased crystal violet 
staining over time when grown at 26°C and 37°C, indicating increased 
accumulation of adhered biomass (biofilm formation). This result was 
consistent with our finding that F. novicida forms biofilms when adherent to an 
abiotic surface (Figure 7). Despite significant differences in growth kinetic 
between the two strains tested, similar crystal violet staining was observed at 
each time point at 37° C (Figure 8D). At both temperatures assayed we 
observed a decrease in crystal violet staining (Figure 8C,D) concurrent with F. 
novicida and LVS entering stationary phase (Figure 8A,B). This result 
suggested that the biofilms were undergoing dispersion (189), a process of 
biofilm dissolution and re-seeding occurring during decreased oxygen tension 
and nutrient deprivation. Similar dispersal did not occur in the flow cell system 
grown F. novicida biofilms (Figure 7), presumably because the population was 
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constantly provided an undepleted carbon and oxygen source under flow 
conditions. 
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Figure 8 - Kinetics of F. tularensis biofilm formation under static conditions. 
A modified OToole and Kolter assay was performed to compare the kinetics and relative 
levels of biofilm formation for F. novicida (solid circles) and LVS (open circles). Bacterial 
growth (A,B) and crystal violet staining (C,D) were determined over time at 26°C (A,C) and 
37°C (B,D) by OD570 readings. Both F. tularensis strains were found to acquire crystal violet 
stain at both temperatures. Growth and crystal violet staining were faster at 37°C for both 
strains. 
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3.3.2 Type A Francisella strains form biofilms in the microtiter plate 
assay. 
A high percentage of tularemia morbidity and mortality in humans is caused by 
infection with F. tularensis subsp. tularensis (Type A) strains (59). These 
strains have a very low infectious dose, and as few as ten organisms can 
cause a lethal infection in humans (55). Molecular subtyping of Type A strains 
has identified two distinct subtypes (A1 and A2) with specific geographic 
distributions (103). Type A1 strains are primarily found in the Eastern United 
States, while Type A2 strains are almost exclusively isolated in the West. 
Work with Type A strains was performed by Sahar El-Etr, Amy Rasley, 
and Emily Moore at the BSL-3 facility of Richard Robison at Brigham Young 
University. The OToole and Kolter microtiter assay demonstrated that the 
Type A1 and Type A2 highly virulent strains were able to form biofilms to 
similar levels as F. novicida and LVS strains at 37° C (Figure 9). We used 
mammalian temperature to increase growth kinetics, due to time 
considerations for the BSL-3 facility at BYU. Although this temperature was 
not necessarily indicative of ambient temperature for F. tularensis biofilm 
formation in nature, our work comparing biofilm formation at 26° C and 37° C 
(Figure 8) suggested that biofilms could form at either temperature by 
Francisella species. Because we wanted to confirm the ability of virulent Type 
A strains to form the bacterial communities, we did not consider the 
temperature to be critical. SchuS4 (Type A1) and FT-10 (Type A2) F. 
tularensis subsp. tularensis strains reached similar optical densities as LVS 
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(Type B) when grown under static conditions (Figure 9), while SchuS4 and FT-
10 exhibited higher crystal violet staining at 24 h (P<0.05), implying increased 
biofilm formation of Type A strains compared to LVS (Figure 9). F. novicida 
CV6oo staining was approximately two-fold higher than the other strains tested 
(P<0.001). However, the optical density of the F. novicida culture was 2.5-fold 
higher than the other strains at 24h. Similar crystal violet staining by Type A1 
and Type A2 strains compared to the Type B LVS strain suggests that biofilm 
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Figure 9 - Virulent Type A F. tularensis strains form biofilms under static conditions. 
Static growth (A) and 8 h biofilm formation (B) were determined for two Type A F. tularensis 
strains, SchuS4 and FT.10, compared to F. novicida and LVS (Type B). Quadruplicate 
samples of the Type A strains grew equivalent to LVS and had statistically higher crystal violet 
staining at 8 h (P<0.05). 
3.3.3 Screen for biofilm-deficient mutants identifies novel genes 
important for F. novicida biofilm formation. 
We utilized the established crystal violet staining method of biofilm 
enumeration to search for F. novicida attachment factors. Identification of 
novel adhesins may shed light on how this pathogen colonizes chitin and other 
nutritive surfaces in nature. We screened a two-allele transposon library (BEI 
Resources, Manassas, VA) that represented two or more transposon-insertion 
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mutants per non-essential gene in the F. novicida genome to elucidate the 
genetic determinants of F. novicida interaction with abiotic and biotic surfaces. 
To facilitate high-throughput screening, individual insertion mutants were 
assayed for biofilm formation in the microtiter assay established above rather 
than on chitin. We defined biofilm-deficient mutants as strains where crystal 
violet staining was two standard deviations below the mean of the plate at 8 h 
post-inoculation. We eliminated mutant strains that exhibited a significant 
growth defect from further characterization. 
In total, we identified 98 F. novicida transposon-insertion mutants, 
representing 88 genes that were attenuated for biofilm formation (Table 2). 
Although only ten genes were identified by multiple transposon-insertion 
mutants, this result was consistent with other screens performed in our lab 
(personal communication with Jonathan Jones). Gene Ontology 
Classifications (www.biohealthbase.org) were used to elucidate pathways 
important for F. novicida surface attachment and growth (Figure 10). Roles for 
the 64 annotated genes included protein secretion, various metabolic 
pathways, signal transduction, protein transport, and cell envelope biogenesis. 
Despite bioinformatic inference to the function of these annotated genes, the 
role of the majority of these genes in biofilm formation was not evident. Of 
note, over 25% of genes identified by our screen had no known function. 
Because we were particularly interested in identifying factors required 
for chitin attachment, biofilm-deficient mutants were subjected to a secondary 
screen for attachment competency. Stationary phase strains were incubated 
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for 1 h in microtiter wells and then tested for attachment by crystal violet 
assay. Stationary phase cultures were used to limit differences in growth 
phase and bacterial number between strains. Of the 88 genes that contribute 
to F. novicida biofilm formation, 58 were found to function during attachment 
(Table 2). The high percentage of attachment-deficient mutants was 
consistent with published crystal violet-based biofilm screens (16, 175, 196). 
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Well ID annotation from BEI Resources F. novicida Two-Allele 
Transposon Library 
Results of secondary attachment screen. (+) indicates ability and (-) 
indicates inability of biofilm-mutant to adhere to polystyrene based on 
1 h attachment assay. 
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Biofilm-mutant gene functions 
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Figure 10 - Biological processes of biofilm-deficient transposon mutants. 
F. novicida biofilm mutants were determined by absence of crystal violet staining. The BEI 
Resources two-allele F. novicida transposon mutant library was tested by microtiter assay 
after 8h of static growth at 37°C. Mutants in crystal violet uptake were identified by wells 
exhibiting staining two standard deviations below the plate mean. Mutant functional classes 
are displayed along with the number of genes identified in each category. 
Although the majority of genes identified in this screen were either 
annotated as encoding hypothetical proteins or not previously associated with 
biofilm formation in other Gram-negative bacteria, a few genes have been 
previously described in the literature (16, 148). This includes cIpP, a protease, 
that was first identified in a screen for biofilm-deficient mutants of 
Pseudomonas fluorescens (148), and a GGDEF and EAL domain gene 
56 
involved in the production of the known biofilm modulator 3',5'-cyclic diguanylic 
acid (c-di-GMP) (84, 215). Surprisingly, Type-ll secretion and Type-IV pili, 
which are known to contribute to biofilm formation by other Gram negative 
organisms (101, 147, 206), were not identified in our biofilm screen. To 
confirm this result, all library transposon mutants in these two related systems 
were tested in the microtiter plate assay. We confirmed that these mutants 
were not attenuated for biofilm formation (Figure 11). Based on the results of 
our screen for F. novicida biofilm mutants, we concluded that this bacterium 
forms biofilms by novel means. Future study of other non-motile bacteria will 
discern whether the biofilm mechanisms of F. novicida are conserved. 
Pili gene biofilm test 
2.<H 
Figure 11 - Pili genes do not contribute to F. novicida biofilm formation. 
All transposon-insertions in pili genes from the Two Allele library were tested for 8 h biofilm 
formation. None of the pit genes demonstrated statistically lower crystal violet staining than 
wild-type F. novicida. A deletion mutant in FTN_0714 was included as a positive control for 
biofilm attenuation. 
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F. tularensis species genomes contain an annotated chitin-binding 
protein, cbpA, that was not identified by our biofilm screen. This gene product 
may specifically mediate association with chitin. Additionally, we did not 
identify chiA and chiB in our screen, which is consistent with our results 
indicating that these chitinases do not mediate biofilm formation on 
polystyrene. This result was confirmed using clean deletion mutant stains 
(Figure 12). 
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Figure 12 - F. novicida chitinase mutants form wild-type level biofilms on polystyrene. 
Crystal violet staining of microtiter well-grown F. novicida strains was utilized to test chitinase 
mutant biofilm formation on an abiotic surface. No significant differences were observed 
between the AchiA, AchiB.or AchiAAchiB strains and wild-type F. novicida in this assay. 
Graph displays the average of four independent samples. 
mi 
58 
3.3.4 Sec-dependent secretion functions in initial attachment during F. 
novicida biofiim formation on abiotic and biotic surfaces. 
We were particularly interested in the four transposon-insertion mutants 
we identified in the Sec translocon complex involved in protein export from the 
cytoplasm (72). The core components of the Sec translocon in Escherichia 
coli are the SecYEG protein channel and the SecA ATPase motor protein (22). 
Due to the pleiotropic roles of general protein secretion in bacteria, 
components in this apparatus are considered essential in other Gram-negative 
organisms (72, 118). The Sec translocon in F. novicida is comprised of 13 
proteins. Our screen identified the only four genes in this complex that were 
represented in the two-allele library: the secA motor ATPase and secG pore 
genes, as well as the secB1 and secB2 genes that encode for chaperones 
that specifically target pre-proteins to SecA (198). Additionally, we identified 
18 transposon biofiim mutant clones, representing 14 genes that are predicted 
to encode for proteins with secretion signals based on the signal sequence 
detection algorithm, SignalP (15), (Table 3). 
We hypothesized from the results of our genetic biofiim screen and a 
secondary attachment assay that proteins secreted by the Sec translocon may 
represent novel mediators of F. novicida adhesion, a process that has not 
been characterized. We confirmed that transposon mutants in the secretion 
apparatus were deficient for biofiim formation (Figure 13A) and attachment 
(Figure 13B). Deletion mutants in secB1 and secB2 were constructed while 
deletions in secA and secG could not be generated; suggesting that these 
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genes are essential and the transposon-insertion mutations present in the 
library represent an incomplete loss of gene function. Further analysis of the 
insertion sites for the transposon mutants identified in the screen found that in 
both cases only the very C-terminus of the secA and secG genes was 
disrupted suggesting an incomplete loss of function. Attempts to construct a 
double deletion of secB1 and secB2 did not yield viable colonies, inferring a 
redundant function for these genes as well. Both the AsecBI and AsecB2 
mutants were deficient in biofilm formation (Fig 13C) and attachment (Fig 13D) 
when grown in MMH. The AsecBI and AsecB2 mutant phenotypes were 
restored to wild-type attachment and biofilm formation levels when wild-type 
copies of secB1 and secB2 were added back to the deletion mutants (Figure 
13C.D). These experiments were also performed in CDM to confirm that the 
role of Sec-dependent secreted factors in biofilm formation was not limited to 
growth in a nutrient-rich environment (Figure 13E,F). Our data indicate that 
Sec-dependent secretion is important for F. novicida attachment to abiotic 
surfaces and biofilm formation. We, therefore, postulated that Sec-secreted 
proteins represent novel mediators of F. novicida adherence. 
The 18 Sec-dependent transposon-insertion mutants (Table 3) were all 
defective for biofilm formation (Figure 13A) and initial attachment (Figure 13B) 
based on crystal violet staining, confirming our screen results. We focused on 
four of the secreted factors with homologs in all F. tularensis subspecies and 
were highly attenuated for biofilm formation when deleted; FTN_0308, 
FTN_0713, FTN_0714 and FTNJ750. FTN_0713 (ostA2), FTN_0714 and 
60 
FTN_1750 were all identified at least twice in the biofilm screen. We selected 
FTN_0308 due to the strong biofilm phenotype of the one transposon-insertion 
mutant that was identified in the genetic screen (Figure 13A,B). 
FTN_0308 and FTN_0714 encode for hypothetical proteins that may 
function as F. novicida adhesins (66). Homologs of ostA2 modify 
lipopolysaccharide in the bacterial periplasm (8) and FTN_1750 is a putative 
acyltransferase (66). We constructed deletion mutants in each of these genes 
and tested for attachment and biofilm formation. All four mutants were 
defective in initial attachment and biofilm formation in both rich and defined 
media (Figure 13C-F). The AostA2, AFTN_1750 and AFTN_0308 mutants 
were complemented for attachment and biofilm attenuation by re-introduction 
of the deleted genes in cis into the chromosome or in trans by expressing the 
gene in pFNLTP6 using the constitutive gro promoter. The AFTN0714 
mutant could not be complemented for technical reasons, likely due to the 
length of the complementation PCR product (~8kb). Taken together, our data 
indicate that initial attachment during Francisella biofilm formation is facilitated 
by proteins secreted by the Sec-dependent secretion system. 
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Figure 13 - Sec-secreted factors mediate initial attachment during biofilm formation. 
Five transposon-insertions representing mutants in 4 genes in the Sec translocon (grey) and 
18 transposon-insertions representing mutants in 14 genes in putative secreted factors (white) 
identified in the forward genetic screen were tested in triplicate compared to wild-type F. 
novicida (black) for 8h biomass accumulation (A) and 1 h initial attachment (B). Multiple 
transposon-mutants were tested for genes identified more than once in the screen. 
Adherence of biomass at 8h was used as a measurement for biofilm formation. Attachment 
was assessed by crystal violet stain 1 h post-inoculation of stationary phase cultures. 
Targeted mutants in selected representative genes (white) showed similar defects in biofilm 
formation (C, E) and attachment (D, F) compared to wild-type F. novicida (black) when grown 
in MMH and CDM, respectively, based on crystal violet staining. Complementation of deleted 
genes (grey) restored mutants to wild-type levels in all cases. Bars represent the mean and 
the lines indicate standard deviation calculated from triplicate samples of a representative 
experiment. Each experiment was repeated in triplicate. No data (ND) was obtained for 
FTN_0714 complementation due to technical difficulties. 
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3.3.5 Sec secretion mutants are not attenuated in murine models of 
infection. 
Functional overlap often exists for attachment mechanisms to environmental 
surfaces and mammalian cells (157, 169, 175). To test the potential role of 
the attachment factors identified in our biofilm screen in mammalian virulence, 
we compared each of the deletion mutants to wild-type bacteria in in vitro and 
in vivo infection models. F. tularensis species are primarily found within 
macrophages in a mammalian host (75). Therefore, RAW264.7 macrophage-
like cells were infected at a multiplicity of infection of 20:1 with wild-type F. 
novicida or the Sec-dependent secretion mutants. At 0.5 h post-infection, non-
cell associated F. novicida were washed away and the remaining bacteria 
were recovered and enumerated. No statistical differences in CFU counts 
were observed (Figure 14A), suggesting that the mutants that are defective for 
attachment to polystyrene and chitin were still able to efficiently associate with 
eukaryotic cells. Intracellular replication was monitored in the presence of 
extracellular gentamicin for 8- and 24h (Figure 14B). Wild-type F. novicida 
and all mutants showed approximately 100-fold replication at 24h compared 
to the initial 0.5 h counts. Thus, the mutants successfully entered and 
replicated within macrophages, demonstrating that the Sec secretion biofilm 
mutants that we characterized are not deficient for attachment to, or replication 
within macrophages. 
To test the potential role of secB1, secB2, ostA2, FTN_0308, 
FTN_0714 and FTN_1750 during local or systemic mouse infections, we 
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infected C57BL/6J mice with a 1:1 mixture of 5x103 colony forming units of 
wild-type and deletion mutant bacteria. Competitive indices (CIs) for each 
wild-type/mutant combination were obtained for both intradermal (ID) and 
intraperitoneal (IP) routes of infection. Mutants that are not attenuated in mice 
should have a CI of one, i.e., equal numbers of wild-type and mutant bacteria 
are recovered in the tissue at the time of harvest, as is observed for the 
previously described AhspX strain (208). As a positive control, we included a 
F. novicida FPI mutant that lacks the entire Francisella pathogenecity island 
(208). As expected, this mutant was severely attenuated in mice (Figure 
14C,D). However, none of the Sec secretion biofilm mutants demonstrated a 
CI value statistically different from one via either route of infection (Figure 
14C.D). Our data indicate that these genes that are crucial for association to 
non-mammalian surfaces do not contribute to local or systemic colonization of 
mammalian hosts. 
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Figure 14 - The Sec translocon and secreted factors do not influence F. novicida 
virulence. 
Sec secretion targeted deletion mutants were assessed in in vitro and in vivo models for F. 
tularensis virulence. Entry efficiency of F. novicida strains into RAW264.7 macrophage-like 
cells was measured as the percent of inocula recovered from inside the cells 30min post-
infection (A). Intracellular replication of wild-type and mutant bacteria was assessed as fold-
replication compared to 30 min counts at 8 h and 24 h post-infection (B). The ability of 
mutants to colonize the skin after intradermal (C) and the spleen after intraperitoneal (D) 
routes of inoculation was determined by competitive indices in C57BL/6J mice 2 d post-
infection. For all virulence assays, no difference was observed between the Sec secretion 
biofilm mutants and wild-type F. novicida. 
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3.3.6 F. novicida biofilm determinants also play a role in attachment to 
chitin-based surfaces. 
Given Francisella species induce biofilm formation on both abiotic and 
chitin surfaces, we hypothesized that the attachment determinants we 
identified for association with polystyrene may also facilitate attachment to 
chitin. After a 1 h incubation at 30°C, an average of 3.33 x 107 CFU/ml wild-
type F. novicida were attached to the crab shell pieces (Figure 15). Sec 
secretion mutants were 5.6- to 16.2-fold attenuated for attachment to this 
chitin-based surface compared to wild-type bacteria (P<0.01), confirming that 
Sec-secreted proteins contribute to attachment to chitin-based surfaces. The 
specificity of these adherence factors for non-mammalian surfaces further 
supports our suggestion that F. tularensis biofilm formation in nature has 
evolved to promote this pathogen's survival outside of a host, potentially by 
facilitating chitin utilization. 
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Figure 15 - Biofilm mutants are attenuated for attachment to chitin-based crab shell 
pieces. 
Stationary phase cultures of secB1, secB2, ostA2, FTN_0308, FTN_0714, and FTNM750 
deletion mutants were allowed to attach for 1 h to sterile crab shell pieces. Attached bacteria 
were enumerated for CFU in triplicate samples. Sec secretion biofilm mutants were found to 
attach statistically lower (P>0.01) than wild-type F. novicida by unpaired Mest. 
3.3.7 Sec-secretion biofilm mutants are attenuated for systemic 
colonization of Drosophila melanogaster. 
The decreased attachment of the Sec translocon chaperone and Sec-secreted 
factors mutants to chitin suggested that these proteins may contribute to 
infection of chitin-exoskeletoned arthropod vectors. Only a systemic model of 
vector infection has been characterized. Vonkavaara era/, published that 
Drosophila melanogaster develop a systemic infection after injection of F. 
tularensis into the abdomen of the fly (201). With the assistance of Madeleine 
Moule from David Schneider's lab, we performed a competitive index 
experiment by injecting 5x103 CFU each of wild-type F. novicida and Sec 
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secretion biofilm mutant per fly. As in the mouse CI experiment described 
above, defective mutants are defined by a CI value less than one. All mutants 
tested had a CI value statistically less than the hspX negative control 
(P<0.0001) (Figure 16). All biofilm mutants tested were approximately 10-fold 
attenuated for systemic colonization of D. melanogaster, while the complete 
FPI deletion strain was over 1,000-fold attenuated consistent with the 
published literature (201). The decreased fitness for Sec secretion biofilm 
mutants suggests that these attachment factors may be required for 
association with some site within the fly. 
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Figure 16 - Sec secretion biofilm mutants have a competitive index defect during 
systemic D. melanogaster infection. 
The biofilm mutant strains characterized for association to abiotic and biotic surfaces were 
tested for their ability to colonize D. melanogaster. Each data point represents the CI value of 
a single fly. The AhspXand AFP/ strains were included as negative and positive controls, 




One of the greatest dogmas in the biofilm field is that one biofilm is 
equivalent to another. Examining the literature on mechanisms of biofilm 
formation, however, we find that there are many genetic and molecular paths 
to reach the same result. Although many Gram-negative and Gram-positive 
bacteria can form biofilms, the bacterial mechanisms utilized to facilitate these 
communities are decidedly varied (10, 122, 140, 148, 199). For example, the 
role of Type-IV pili and flagella in surface attachment and microcolony 
formation is well documented (147, 157). However, little is known about 
attachment and surface growth during biofilm maturation of non-motile 
bacteria such as F. tularensis. By characterizing the roles of the genes we 
identified in this study, including the approximately 25% with no annotated 
function, we aimed to elucidate alternate methods of environmental 
persistence by non-motile bacteria. 
Comparing biofilm mutant screens we found little overlap with the 
biofilm determinants of non-motile S. aureus. Only two genes FTN_0456 (EAL 
and GGDEF domain gene) and FTN1093 (annotated as hypothetical for F. 
novicida but transcription-repair coupling factor in S. aureus) overlapped 
between the two non-motile bacteria (196). S. aureus predominantly forms 
biofilms on host tissues and indwelling hospital devices (151), while we found 
that Francisella species form strong biofilms on chitin (Figures 1-2), but have a 
slow biofilm kinetic on an abiotic surface, such as glass (Figure 7). This 
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difference in substrate preference may explain the lack of conserved 
colonization genes. 
Identification of all Sec translocon genes present in the Two Allele 
library (Table 2) pointed us to look at Sec-secreted factors as novel mediators 
of surface adhesion. The presence of these transposon-insertion mutants in 
the library was serendipitous given the many roles that Sec-dependent 
secretion plays in bacteria. Sec-secreted factors involved in F. novicida 
biofilm formation serve a variety of putative functions, including the four 
adherence factors we further characterize. The protein encoded by FTN_0713 
{ostA2) has significant homology to organic solvent tolerance proteins involved 
in lipopolysaccharide (LPS) modification (18). Although ostA2 homologs have 
not been implicated in biofilm formation, LPS chemistry has been shown to 
influence attachment during biofilm formation in other bacteria (10, 42, 63). 
The unique structure of Francisella species LPS (81) could contribute to 
adhesion of F. tularensis to non-mammalian surfaces. 
FTN1750 is a putative acyltransferase with strong homology (E-value 
4e"27) to acylhomoserine-lactone biosynthesis enzyme, HdtS, suggesting that 
this protein may function in quorum sensing, a cell-cell communications 
process that regulates biofilm formation under certain conditions (100). Our 
biofilm screen also identified the GGDEF and EAL domain-containing gene, 
FTN_0456 (Table 2), suggesting c-di-GMP as an additional regulator of F. 
novicida biofilm formation as is observed for other biofilm-forming bacteria 
(189, 215, 216). Quorum sensing has not been experimentally demonstrated 
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for Francisella species, although homologs to quorum sensing genes qseC 
and an annotated homolog to hdtS are found in these genomes. These 
processes of bacterial communication have been shown under certain 
environmental conditions to regulate biofilm formation genes (158). 
While F. novicida biofilm genes were identified by screening for mutants 
defective for adherence and biofilm formation on polystyrene, we identified two 
novel putative chitin-binding proteins, FTN_0308 and FTN_0714. The protein 
encoded by FTN0714 is annotated as a hypothetical lipoprotein 
(www.biohealthbase.org). The SMART domain prediction algorithm (114, 173) 
indicates that FTN0714 contains repeating polycystic kidney disease-family 
domains conserved from archae through mammals that facilitate adhesion 
(96). This domain-family plays a role in the binding and hydrolysis of chitin by 
the chiA chitinase of aquatic bacterial strain Alteromonas 0-7 (150). 
FTN0308 is annotated to encode for a hypothetical protein with unknown 
function (www.biohealthbase.org). However, the Phyre protein-folding 
prediction algorithm (98) indicates a structural homology to the Streptomyces 
chitinase C chitin-binding domain and the C-terminus contains homology to 
F17c-family bacterial adhesins. We are currently determining the specific 
roles that these two gene products may have in attachment to both abiotic and 
chitin surfaces. 
As discussed above, factors required for attachment during biofilm 
formation also facilitate association with host tissues. We conclude from our 
data that F. novicida biofilm genes do not function in mammalian infection. 
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Only four genes (mgIA, pdpA, ostA2 and sdaC1) were identified by others in 
screens for F. tularensis virulence factors (182, 208). MgIA and PdpA are 
known virulence factors of F. tularensis (21), while SdaC1 annotates as a 
serine transport protein (66). FTN_0713 (ostA2), the putative LPS-
modification gene, was identified by Kraemer etal. in a negative selection 
screen for F. novicida mutants attenuated for infection via intranasal 
inoculation of mice, indicating that this mutant may be more sensitive to the 
innate immune response in the lung, (e.g., antimicrobial peptides) due to an 
altered LPS (102, 208). 
None of the genes we characterize in this chapter have an apparent 
role in virulence in our hands (Figure 14). Transposon-mutants for secA and 
secE were identified by Su et al. to be involved in lung colonization, but not 
secB1 or secB2 (182). These attenuated phenotypes for the non-redundant 
Sec translocon genes imply that Sec secreted proteins other than those 
characterized here do influence host colonization. The lack of attenuation for 
the deletion mutants in secB1 and secB2 in the virulence assays tested here 
supports the idea that these two genes encode for redundant function. 
While Sec-secreted attachment factors do not impact F. novicida 
virulence, we identify a role for these gene products in adherence to crab shell 
pieces (Figure 15). This finding suggests that F. tularensis species have 
maintained separate genetic programs for colonizing mammalian and 
environmental surfaces. Because such division of function is uncommon 
amongst biofilm forming bacteria, it is feasible that F. tularensis originally 
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evolved to colonize environmental surfaces and later obtained a specific set of 
genes to successfully infect mammalian hosts. To further dissect the 
molecular mechanisms of F. tularensis chitin colonization, domains within the 
biofilm attachment genes could be mutated to find key determinants of surface 
association. Such analysis on putative chitin-binding proteins encoded by 
FTN_0308 and FTN0714 may prove particularly fruitful. While our biofilm 
screen did not identify the annotated chitin-binding protein, cbpA, elucidating 
the role of this gene in chitin colonization may also be informative. 
To further tie the Sec-secreted attachment mediators to colonization of 
non-mammalian environments and disease transmission, we asked if deletion 
mutants in these genes conferred attenuation in D. melanogaster, an 
established model for mosquito and tick infection (201). All deletion mutants 
demonstrated an approximate 10-fold reduction in systemic colonization 
compared to wild-type F novicida (Figure 16). While suggestive that biofilm 
mediators function in fruit fly colonization, injection is not a natural route of 
inoculation. D. melanogaster are not colonized by F. novicida or LVS after 
oral inoculation (personal communication with Madaleine Moule and (201)). 
Therefore, an artificial route of inoculation was used to bypass the peritrophic 
matrix that protects the fly from microbes crossing the gut lining. We, 
therefore, cannot conclude that F novicida biofilm factors mediate arthropod 
colonization during a natural infection; however we can suggest that once 
systemic, this pathogen utilizes Sec-secreted attachment factors to persist and 
replicate. This assertion is further supported by the large overlap between 
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genes required for biofilm formation and D. melanogaster infection. Madeleine 
Moule performed a negative selection screen to find F. novicida genes that 
contribute to fruit fly colonization. Twenty-eight of the 89 fly-specific genes 
identified by this screen were also required for F. novicida biofilm formation 
(unpublished data from Madeleine Moule). The list of overlapping genes 
included FTN0308 and FTN_1750 which we test for fitness in fruit flies 
above. While ostA2 and FTN0714 were not attenuated in Madeleine Moule's 
screen, we show here a competitive index defect for these deletion mutants. 
Additionally, we plan to follow up on the fact that both chitinases genes 
described in Chapter 2 were attenuated in the negative selection screen. 
Therefore, F. novicida biofilm genes may play a greater role in D. 
melanogaster colonization than is evident by comparing screen results. To 
date, the localization of F. tularensis strains during transmission by arthropod 
vectors remains unknown. F. tularensis biofilm formation may support 
persistence both on the external chitin exoskeleton and the chitinous matrix 
that lines the digestive tract. 
While the chitin colonization work was performed with the F. novicida 
strain of F. tularensis, we do establish that multiple subspecies can form 
biofilms in vitro (Figures 8 and 9). In particular, we demonstrate that two Type 
A strains form biofilms to statistically higher level than the attenuated Type B 
strain, LVS (Figure 9). This result was not intuitive given the environments 
where Type A and Type B strains reside. While Type A strains are more 
associated with arid climates (103), Type B strains have become endemic in 
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Europe (185) and outbreaks of tularemia on this continent are correlated with 
the times of heavy rain (156). Testing wild-type Type B strains along with a 
larger sample of Type A strains would provide additional insight into the 
relative biofilm capabilities of different F. tularensis isolates. By better 
understanding where biofilm formation may occur, one can target efforts 
against these populations to the appropriate geographic areas. 
From our collective data we propose a model in which the early 
determinants of biofilm formation identified in this chapter allow for association 
with chitin surfaces in nature. These surfaces may include fresh water 
arthropods where this pathogen can persist in a nutrient-poor aquatic 
environment and arthropod vectors where biofilm formation may facilitate 
transmission to mammalian hosts. Through the interaction with chitin, F. 
tularensis chitinases have access to this substrate and provide bacteria with 
GlcNAc, which is utilized for growth in nutrient-limiting environments. Biofilm 
maturation on chitin would then create a local microenvironment enriched for 
this carbon source, providing a non-host niche for this zoonotic pathogen. 
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Chapter 4: Static and nutrient limited growth 
enhance Francisella tularensis subspecies 
novicida biofilm formation. 
Jeffrey J. Margolis and Denise M. Monack 
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4.1 CHAPTER 4 SUMMARY 
In Chapter 1, we found carbon limitation promoted increased biofilm formation 
on chitin surfaces. Various environmental factors are known to regulate the 
regulatory switch between planktonic and biofilm growth. Results of the 
forward genetic screen for altered biofilm formation indicated that oligotrophy 
triggers F. novicida biofilm formation. We identified MgIA, a known F. 
tularensis virulence factor and stress response regulator, as a potential 
modulator of F. novicida biofilm formation. We demonstrate a role for the 
known MgIA signaling pathway components in biofilm formation, suggesting 
that this regulatory pathway may function in more than intracellular infection. 
Additionally, we observed 117 transposon-insertion mutants in our forward 
genetic screen, representing 105 genes, with a hyper-biofilm phenotype. 
Amino acid and nucleotide biosynthesis genes as well as metabolite transport 
genes facilitated this increased biofilm response, implicating starvation as a 
key signal. 
Given the genetic data connecting environmental stress and biofilm 
formation, we tested the effect of nutrient limitation and static growth on the 
early stages of F. novicida biofilm formation. While growth in minimal medium 
alone did not effect early biofilm kinetics, static growth which subjects the 
bacteria to both local nutrient and oxygen deprivation resulted in 5- to 10-fold 
increase in crystal violet staining up to two hours post-inoculation. Treatment 
with bacteriostatic antibiotics ablated the static growth effect in rich MH broth, 
but not in minimal CDM. We hypothesized that key biofilm determinants are 
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expressed before attachment in the CDM static growth condition. Indeed, 
microarray analysis revealed a cluster of gene highly expressed during 
stationary phase of the CDM ST samples. Three genes overlapped with the 
results of the current biofilm mutant screen. We also identify 26 highly 
expressed nutrient transporters that may promote growth in oligotrophic 
conditions during F. tularensis biofilm formation. By synergizing our 
expression and genetic biofilm work we can further understand the regulation 
and mechanisms of Francisella species biofilm formation. 
4.2 INTRODUCTION 
In Chapter 2 we found that a lack for available carbon promoted biofilm 
formation on chitin surfaces. Absence of exogenous GlcNAc increased 
surface colonization by more than 10-fold at 2 d (Figure 5). This result 
indicated that different environmental stress may promote a switch from 
planktonic growth to surface association and biofilm formation. Nutrient 
limitation is one known trigger for biofilm formation in other bacteria (17, 70, 
205). Environmental stresses are sensed in a number of ways by bacteria, 
including nutrient sensing and intercellular communication (64, 111, 112, 128, 
158, 168,213). 
The study of stress responses in F. tularensis has been limited and 
focused on the regulation of virulence factors. The MgIA signaling pathway is 
one of the few characterized regulators of F. tularensis virulence. MgIA, FevR 
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and SspA are required for expression of the Francisella pathogenecity island 
(FPI), 17 genes that may form a Type-VI secretion system and are essential 
for intracellular replication (12,19-21, 27). Brotcke et al. demonstrated the 
MgIA signaling pathway regulates 102 genes at the transcriptional level (20, 
21). At least the MglA-regulated ospD3 homolog does not function in 
mammalian infection (21). We identified mutants in mgIA, ospD3, and five 
additional MglA-regulated genes in the biofilm mutant screen, suggesting that 
this signaling pathway influences more than virulence regulation. In a study of 
the post-transcriptional effects of MgIA, a role in general stress response was 
further described (79). Deletion of MgIA regulated genes attenuated F. 
novicida survival in stationary phase and resistance to reactive oxygen 
species. Additionally, Guina et al. found MgIA to post-transcriptional regulate 
several general response genes including chaperones and general response 
regulators (79). Both MgIA and SspA are homologous to stringent starvation 
protein A (SspA) from E. coli that functions as a general stress response 
regulator (12, 27). 
The orphan response regulators, pmrA, was also described to mediate 
virulence determinant expression in F. tularensis (137). A recent publication 
identified a qseB/pmrA homolog as another determinant of F. novicida biofilm 
formation (48). Quorum sensing molecule, autoinducer 2, triggers E. coli 
biofilm via qseB/pmrA response regulator homologs (77). PmrA positively 
regulates 52 genes including fevR and the FPI (136). 
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The stringent response, another bacterial stress response, was recently 
connected with F. tularensis virulence regulation as well (43). Accumulation of 
the guanosine tetraphosphate (ppGpp) alarmone influences a variety of stress 
responses. Alarmone synthases, relA and spoT, are triggered by uncharged t-
RNAs which occur during amino acid starvation (209). Other triggers for this 
response include iron limitation (133) and antibiotic treatment (67). Stringent 
response induction leads to expression of stress response genes that promote 
survival during slow growth (67). Pathogens, like Legionella pneumophila 
(171) and Campylobacter jejuni (67), require stringent response activation for 
expression of essential virulence factors. Dean et al. recently connected the 
stringent response to F. tularensis biofilms (43). This manuscript reported that 
a relA F. novicida mutant strain formed greater biofilms; potentially due to an 
inability to successfully enter stationary phase. This result was contradictory 
to the requirement of the stringent response for biofilm formation reported for 
other bacteria such as E. coli (11), Myxococcus xanthus (86), and 
Streptococcus mutans (113). 
In this chapter we provide evidence from our biofilm mutant screen that 
nutrient deprivation and other stress responses regulate F. novicida biofilm 
formation. We show that statically grown F. novicida produces biofilms with 
faster kinetics than aerated cultures. This enhancement was dependent on 
protein synthesis in rich medium, but not minimal medium. Cell envelope, 
nutrient transporters, and the FTN_0714 putative adhesin (Chapter 3) are 
highly expressed in CDM ST conditions providing potential insight into the 
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mechanisms of F. novicida persistence and biofilm formation in nutrient-pour 
environments. 
4.3 RESULTS 
4.3.1 The MgIA stress response pathway facilitates F. novicida biofilm 
formation 
The identification of a biofilm-attenuated mgIA transposon-insertion 
mutant (Table 2) was intriguing given the focus on virulence regulation by this 
protein. This signaling pathway has previously been characterized to regulate 
virulence factors, including the FPI (21). MgIA and RNA polymerase-binding 
partner, sspA, show strong homology to a known general stress response 
regulator in E. coli (21, 27). Identification of mgIA in our biofilm screen 
indicated that nutrient and/or environmental stress may trigger the switch from 
planktonic to biofilm growth in F. tularensis. 
We postulated MgIA may regulate more than virulence factors for F. 
tularensis, as only a subset of MglA-regulated genes have been investigated. 
Additionally, pdpA, a putative effector protein of the FPI (172) was identified by 
our screen, suggesting the FPI itself may contribute to biofilm formation. To 
test these possibilities, a well characterized mgIA point mutant, GB2 (12, 145), 
and a full deletion of pdpA were examined for biofilm formation. While both 
the mgIA and pdpA transposon-insertion mutants were attenuated in the 8 h 
crystal violet assay, the GB2 but not the ApdpA strain exhibited lower crystal 
violet staining (Figure 17). MgIA, therefore, truly does influence F. novicida 
biofilm formation, but in an FPI-independent manner. The attenuation of the 
83 
pdpA transposon-insertion mutant may be the result of a secondary mutation 
in the transposon-insertion mutant strain. 
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Figure 17- The mgIA gene product influences F. novicida biofilm formation in a FPI-
independent manner. 
The GB2 mgIA point mutant and pdpA full deletion strains (grey) were tested in comparison to 
the corresponding transposon-insertion mutant strains (white) for biofilm formation. Both the 
mgIA transposon-insertion mutant and characterized point mutant demonstrated statistically 
lower crystal violet staining than wild-type F. novicida (black) at 8 h post-inoculation (P<0. 
0001). While the transposon-insertion mutant identified in the forward genetic screen for pdpA 
was attenuated for 8 h biofilm formation (P<0.001), the deletion mutant strain was equivalent 
to wild-type F. novicida. 
In addition to the MgIA, FevR, SspA complex that binds to RNA 
polymerase, Brotcke et al. identified CphA and CaiC as additional factors in 
the MgIA signaling pathway (20). A transposon-insertion mutant for sspA was 
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not present in the Two Allele library indicating that this gene is essential for F. 
novicida viability. The transposon-insertion mutants for fevR were present in 
the library plate that was unavailable from BEI Resources due to quality 
control issues. Transposon-insertion mutants were represented, however, for 
cphA and caiC. While only cphA was biofilm attenuated based on our screen 
(Table 2), we queried whether additional MgIA pathway genes contributed to 
F. novicida biofilm formation. Clean deletions in fevR, cphA, and caiC along 
with the GB2 mgIA point mutant were tested for a biofilm phenotype. After 8 h 
growth in microtiter wells in MH broth, all MgIA pathway mutants demonstrated 
significantly lower crystal violet staining (Figure 18). Unlike the Sec secreted 
factors characterized in Chapter 3, mutations in this pathway conferred 
intermediate biofilm attenuation. Therefore, the MgIA signaling pathway aids 
in, but is not required for, F. novicida biofilm gene expression. 
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Figure 18 - The MgIA signaling pathway contributes to F. novicida biofilm formation. 
The above graph shows the crystal violet staining of a mgIA point mutant and deletion mutants 
in other components of the MgIA signaling pathway compared to wild-type F. novicida. All 
signaling mutants were found to be statistically defective for static biofilm formation (P>0.01). 
Of the 102 genes shown to be regulated by the MgIA signaling pathway 
(21), 6 were identified as contributing to biofilm formation (Table 4). While 
FTN_0431 is annotated as a hypothetical membrane protein, SMART analysis 
(114, 173) found that this gene product contains a wzy_C domain that 
functions as a glycosylase in other Gram negative bacteria. The FTN_0785 is 
annotated as an isochorismatase-family hydrolase. The hypothetical gene 
FTN_1071 contains ankyrin repeat domains that most often bind to eurkaryotic 
proteins inside of the host cell cytoplasm. A deletion in this gene, a homolog 
of the Shigella flexneri ospD3, was previously shown to have no affect on 
virulence, however (21). All MglA-regulated transposon-insertion mutants 
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identified in the screen were confirmed to have a biofilm phenotype upon 
retesting (Figure 19). Given that the sspA homolog in E. coli is activated by 
nutrient and environmental stress and MgIA signaling pathway and MglA-
regulated genes are attenuated for biofilm formation (Figure 19), we 
hypothesized that such stresses may trigger F. novicida biofilm formation in an 
MglA-dependent manner. 





































hypothetical - novel 
putative enzyme 
transport - carbohydrates 









8 h Biofilm Assay 
0.6n 
0.0-l l « i l , i 1 
^ jr • & 
<*' 
& 
< * ' 
1 h Attachment Assay 
0.3n 
0.2- ^ H 
«P o^ o°" . «* *x . «" *> * jf #• & f #• 
<* ' < • ' * * ' * * ' 
# <<" <^ # 
Figure 19 - MglA-regulated genes affect F. novicida biofilm formation and attachment 
to polystyrene. 
MglA-regulated transposon-insertion mutant strains identified as biofilm-attenuated were 
tested for crystal violet staining at 8 h post-inoculation (A) and for 1 h attachment (B). Four 
replicates were tested per strain. 
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4.3.2 Metabolism and metabolite transport mutants exhibit a hyper-
biofilm phenotype in F. novicida. 
If nutrient deprivation does trigger F. novicida biofilm formation, we 
hypothesized that mutations in metabolic pathways would increase biofilm 
formation by effectively starve the bacteria. Indeed, in addition to biofilm-
deficient mutants, we also observed transposon-insertion mutants that 
exhibited a hyper-biofilm phenotype during our screen for F. novicida mutants 
with altered biofilm formation. We identified 117 transposon-insertion mutants, 
representing 105 genes that demonstrated a hyper-biofilm phenotype (Table 
4). As with the biofilm-deficient mutants, a large percentage (19%) was 
hypothetical or had no known function. Of the annotated biological processes 
of hyper-biofilm mutants (Figure 20), metabolism, transport, and cell 
wall/LPS/capsule were represented the most. Being that 31 of 105 genes 
(30%) function in amino acid or nucleic acid biosynthesis or transport of these 
molecules into the bacterium, starvation appears to be a key trigger of F. 
novicida biofilm formation. Enhanced biofilm formation was defined as wells 
with crystal violet staining two standard deviations above the mean of the 
plate. As before, mutants with significant growth defects were eliminated from 
further consideration. Hyper-biofilm metabolism mutants were a second 
indication that nutrient availability may regulate the switch of this bacterium 
from a planktonic to biofilm phenotype. 
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Table 5 - Hyper-biofilm transposon-insertion mutants 
Well 
FTNa ldb Gene 
FTN 0021 30D08 carA 
FTN_0024 30B09 pyrC 
Gene Product 
FTN 0036 32G12 
FTN 0116 9C06 
pyrD 
FTN_0050 18B08 
FTNJ)064 18C08 ppdK 
FTN_0080 23D08 
FTNJD082 12D08 
FTN 0103 12C08 
ipdC 
carbamoyl-phosphate 
synthase small chain 
dihydroorotase 
dihydroorotate oxidase 






predicted hydrolase of the 
HAD superfamily 
























FTN_0123 19C12 recX 
FT N_0168 9B07 lysU 
FTN_0171 6G08 glsA 











FTN 0184 30B10 major facilitator superfamily 
(MFS) transport 
protein transport 
FTN_0199 2E08 cyoE heme O synthase cofactors, prosthetic 
groups, electron 
carriers metabolism 
FTN 0223 23 E05 amino acid-polyamine-
organocation (APC) 
superfamily 
protein - amino acid 
transport 
90 








FTN 0368 2E07 
FTN_0392 31F05 








amino acid transporter 
hypothetical protein transcriptional regulator, 
LysR family 





transport - amino acid 









FTN 0451 28D09 
conserved protein of 
unknown function 
signal transduction protein 
with a PAS, a PAC, an EAL 



















FTN 0529 29C04 









cell wall / LPS / 
capsule 
FTN_0543 32F09 
FTN 0546 T6D09 
















































DNA mismatch repair 












major facilitator superfamily 
(MFS) transport protein 
galactose-proton symporter, 
major facilitator superfamily 
(MFS) transport protein 
quinolinate sythetase A 
transcriptional regulator, IcIR 
family 
protein of unknown function 
cell wall / LPS / 
capsule 




































FTN 0766 6D06 spoil rRNA methyltransferase translation, ribosomal 
structure and 
biogenesis 




FTN 0814 22F05 bioF 
tryptophan-rich sensory 
protein 
conserved protein of 
unknown function 































FTN 0898~ 32F10 
amino acid permease 
amino acid permease 
transport - amino-acid 




FTN 0996 29E10 
isomerase 
hsIU 
protein of unknown function 
hypothetical protein 
ATP-dependent protease 













FTN 1006 20C08 transporter-associated 
protein, HlyC/CorC family 
transport 
FTN 1010 18D08 major facilitator superfamily transport 
(MFS) transport protein 
FTNJ020 18 E06 
FTN 1041 13A03 ilvN 
conserved protein of 
unknown function 








FTN 1057 23D05 cIpP ATP-dependent Clp protease post-translational 
subunit P modification, protein 
turnover, chaperones 
- protein degradation 
FTNJ138 19D05 pilP 
FTN 1146 2B07 
FTN 1146 23B10 














FTN 1243 31G12 recO 
conserved protein of 
unknown function 























glycosyl transferase, group 1 
glycosyl transferase, group 1 
protein of unknown function 
glycosyl transferase, family 8 
membrane protein of 
unknown function 
long chain fatty acid CoA 
ligase 
cell wall / LPS / 
capsule 











FTN 1276 30C03 ermA1 
FTNJ313 9D06 iglF 
FTN 1328 23D12 










FTN 1362 21 E08 
I FTN 1372 29E09 
FTN 1381 29D08 
hypothetical protein 
protein of unknown function 
hypothetical protein 
hypothetical - novel 
unknown function -
novel 
hypothetical - novel 
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FTN 1413 30D10 
FTN 1417 16G02 
FTN 1417 31F11 
FTN 1418 20H09 
FTN 1418 31D04 
FTN J 420 30 E07 
FTN_1420 26F05 





FfN_1425 6 E08 






























ATPase, AAA family, related 
to the helicase subunit of the 







O antigen flippase 







glycosyl transferase, group 1 
glycosyl transferase, group 1 
glycosyl transferase, group 1 
NAD dependent epimerase 
NAD dependent epimerase 
glycosyl transferase, group 
1cell wall / LPS / capsule 






d f DP-giucose 4,6^ 
dehydratase 
protein of unknown function 











cell wall / LPS / 
capsule 










cell wall / LPS / 
capsule 
cell wall / LPS / 
capsule 
cell wall / LPS / 
capsule 
ceiF wal l /LPS/ 
capsule 
cell wall / LPS / 
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Figure 20 - Biological processes of hyper-biofilm mutants. 
Transposon-insertion mutants demonstrating increased biofilm formation were identified 
during the Two-Allele library crystal violet screen. Hyper-biofilm mutants were defined by 
wells exhibiting two standard deviations higher crystal violet staining than the mean of the 
plate. The biological process for each mutant strain was determined and the number of 
instances is graphed above. 
4.3.3 Nutrient limitation and static growth enhances early biofilm events. 
To formally address the role of environmental stresses on biofilm formation, F. 
novicida was grown under different growth conditions prior to biofilm 
inoculation. MH and CDM broth grown bacteria were compared to determine 
the impact of nutrient limitation on biofilm growth. Additionally, we examined 
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the role of static growth on F. novicida biofilm formation. Growth without 
aeration subjects bacteria to decreased oxygen tension, as well as local 
nutrient depletion. We inoculated overnight cultures grown under each growth 
condition into microtiter wells and biofilm formation was assayed at 30, 75, and 
120 min by crystal violet staining. Do to differences in overnight growth, we 
normalized biofilm formation for each condition to population size as measured 
by OD570 (Normalized OD = CV57o/OD57o). Surprisingly, growth in CDM did not 
increase the kinetic or overall amount of crystal violet staining (Figure 21). In 
fact, decreased normalized crystal violet staining was observed in the CDM 
samples. Static growth, however, significantly enhanced the early biofilm 
kinetics of F. novicida (Figure 21). In MH and CDM media, both the initial 
attachment at 30 min and the subsequent early stages of biofilm formation 
were statistically higher in the static condition (ST) compared to the shaking 
condition (SH). 
The effect of static growth could result from pre-expression and 
production of adherence and biofilm determinants or quicker sensing of 
surface attachment and subsequent upregulation of biofilm genes. We pre-
treated cultures with bacteriostatic antibiotics (tetracycline or chloramphenicol) 
to discern which of these possibilities accounts for the increased kinetics of 
statically pre-grown F. novicida biofilms. If statically grown bacteria are primed 
for biofilm formation we expected the addition of antibiotics to have little effect 
on the enhanced biofilm phenotype. However, if static growth allows F. 
novicida to respond faster to surface association, then pre-incubating static 
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cultures with bacteriostatic antibiotics would prevent this rapid response and 
block increased biofilm formation. For MH grown bacteria (Figure 21 A), the 
addition antibiotics blocked the static growth enhancement of biofilm 
formation, while the CDM ST samples still exhibited higher crystal violet 
staining after antibiotic pre-treatment (Figure 21B). These results indicate that 
biofilm determinants are pre-expressed during static growth in minimal media, 
but not rich media. 
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Early biofilm kinetic - CDM 
Figure 21 - Static growth enhances early biofilm kinetics. 
Early biofilm kinetics were determined for F. novicida cultures grown overnight in rich MH 
broth (A) or minimal CDM media (B), shaking (SH) or standing (ST). For each growth 
condition, samples were pre-treated for 30 min with 5 ug/ml chloramphenicol (Cm), 10 ug/ml 
tetracycline (Tc) or no antibiotic. Biofilm formation was tracked over two hours by crystal violet 
staining. Four replicates were averaged per growth condition. 
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4.3.4 Static growth in minimal media upregulates F. novicida biofilm 
genes. 
The effects of antibiotic pre-treatment on statically grown CDM cultures 
strongly suggested that key determinants of F. novicida biofilm formation were 
highly expressed under these conditions. We utilized global expression 
profiling to identify these genes. We performed growth curves on F. novicida 
cultures grown in MH and CDM media and grown statically or with aeration 
(Figure 22). RNA was recovered from samples taken at equivalent points in 
the growth curves from each condition and converted to cDNA. Amino-allyl 
labeled cDNA from each time point was labeled with Cy5 dye. We used Cy3-
labeled pool of all samples as the reference sample and labeled with Cy3. 1 
ug each of sample and reference were hybridized to a previously described 
70-mer oligonucleotide array (21). We then performed hierarchical clustering 
on all expression array data using the Clustal program (117). Imaging the 
resulting clustering data in Java TreeView (170) revealed distinct gene 
expression clusters for each growth condition (Figure 23A). Multiclass 
significance analysis of microarrays (SAM) with a false discovery rate of 1% 
identified 235 genes that were differentially expressed in one or more 
condition, including 74 genes that were specifically upregulated in the CDM ST 
condition. Visualization of these statistically significant genes showed a 
distinct pattern of expression under different growth conditions (Figure 23B). 
Three F. novicida biofilm determinants were expressed highly in CDM ST 
(Chapter 3). The Sec-secreted FTN0714 gene was expressed over 10-fold 
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higher in CDM ST than under other growth conditions. The FTN_0100 
membrane protein and cytochrome B561 biofilm genes were also highly 
expressed in these conditions. Key factors in cell well recycling and 
biosynthesis including ampD and ampG, were also highly expressed during 
CDM ST growth. While transposon-insertion mutants for these genes were 
not present in the Two Allele library, the genes were previously implicated in F. 
novicida biofilm formation during a screen of a mutant library generated by 
David Weiss, a former postdoctoral fellow in the lab. Our results confirm that 
potential F. novicida biofilm determinants are highly expressed under 
conditions that promote biofilm formation. 
Twenty-six of the 74 genes identified in the multiclass SAM analysis of 
CDM ST cultures were involved in transport (Table 5). Transported materials 
included amino acids, fatty acids, and inorganic nutrients. The CDM ST 
condition also promoted rapid biofilm formation, potentially linking biofilms and 
nutrient uptake during F. novicida persistence in nutrient-limiting conditions. 
Additionally, stringent response ppGpp synthase spoT was also in the highly 
expressed CDM ST cluster. The other ppGpp synthase, relA, was highly 
expressed during static growth in both media. The upregulation ppGpp 
synthase genes in biofilm-promoting conditions indicated a potential role for 
the stringent response in biofilm regulation. Additionally, a spoT transposon-
insertion mutant was also identified in our previous biofilm screen attempt. 
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Figure 22 - F. novicida growth curves in different growth conditions for microarray 
analsysis. 
Growth curves in MH or CDM broth and shaking (SH) or standing (ST) were performed. 
Samples were removed from each culture at various timepoints for RNA extraction. MH SH 
samples were taken at 1, 3, 5, 9 and 24 h and MH ST at 3, 6,14, 24 and 48 h. The CDM SH 
culture was sampled at 3, 9, 14, 48 h and the CDM ST culture at 3, 24, 74, and 144 h. 
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Figure 23 - Distinct gene expression patterns during biofilm-promoting growth. 
The microarray data presented shows the expression profile of F. novicida grown in different 
media and aeration conditions. Hierarchical clustering of the timecourse arrays from each 
condition was visualized using Java Treeview. Global expression profiling (A) and SAM 
analysis (B) using a 70-mer oligonucleotide array revealed a distinct expression response to 
CDM ST growth; conditions that promote F. novicida biofilm formation. Late-logarithmic and 
stationary phase culture expression profiles were used to generate the SAM data. 
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Table 6 - F. novicida genes expressed statistically higher in CDM ST 
FTN Gene Gene Function 
FTN_0003 MFS family multidrug efflux protein 
FTN_0003 MFS family multidrug efflux protein 
FTN_0023 tmpT SAM-dependent methyltransferases 
FTN_0081 hypothetical protein 
rFTNJ3086 MFS family multidrug^efflu7proteiii 
FTN_0096 putative transmembrane protein 
FTN_6l0b predicted membrane protein 
FTN_0211 pep pyrrolidone carboxylylate peptidase 
| FTN_0223 amino acid permease 
FTN_0233 dut dUTPase 
| FfN_0269 Short-chain fatty acids transporter 
FTN_0281 conserved hypothetical protein 
! FTN_0296 lysP iysine-specific permease 
FTN_0299 putP sodium/proline symporter 
! FTN_0319 amino acid permease 
i 
FTN_0361 hypothetical protein 
i FTN_0498 predicfed membrane protein 
FTN_0579 MFS family multidrug efflux protein 
| FTN_0588 asparginase family 2 protein 
FTN_0588 plant-type l-asparginase 
i FTN_b588 capsule biosynthesis protein 
FTN_0588 asparginase family 2 protein 
j FTN_0589 putative peptide transporter 
FTN_0589 putative peptide transporter 
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FTN_0589 proton/peptide symport family protein 
FTN_0640 dctA C4-dicarboxylate transport protein 
FTN_0640 dctA C4-dicarboxylate transport protein 
FTN_0656 polysaccharide biosynthesis protein 
FTN_0714 hypothetical liprotein 
FTN_0687 galP galactose-proton symport protein 
FTN_0731 hypothetical protein 
FTN_0741 proton/peptide symport family protein 
FTN_0767 betT choline transporter 
FTN_0767 betT choline transporter 
FTN_0848 amino acid antiporter 
FTN_0860 amino acid permease 
FTN_0875 MFS family multidrug efflux protein 
FTN_0886 hypothetical protein 
FTN_1011 MFS family multidrug efflux protein 
FTN_1021 hypothetical protein 
FTN_1121 phrB deoxyribodipyrimidine photolyase 
FTN_1125 dormancy related protein 
FTN 1198 spot' 
GDPdiphosphokinase/guanosine-3',5'-bis(diphosphate) 
3'-diphosphatase 
FTN_1199 hypothetical transmembrane protein 
FTN_1200 capC capsule biosynthesis protein 
FTN_1200 capC capsule biosynthesis protein 
FTN_1251 yjdL proton-dependent oligopeptide transport (POT) family protein 
FTN_1251 yjdL proton-dependent oligopeptide transport (POT) family protein 
FTN_1251 yjdL proton-dependent oligopeptide transport (POT) family protein 
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Given the role we establish for the MgIA pathway in biofilm formation, 
we asked how the reported MglA-regulon (21) responds to growth in different 
conditions. We found nutrient availability to be the key factor in the expression 
of MglA-regulated genes (Figure 24). The 102 genes were highly expressed 
in both CDM SH and CDM ST conditions compared to growth in MH with or 
without aeration (Figure 24A). Multiclass SAM analysis found that the majority 
of these expression patterns (67 genes) were statistically significant including 
the six we found to contribute to biofilm formation (Figure 24B). While we 
explored the MgIA regulon for its potential role in environmental persistence, 
we did note that the entire FPI was highly expressed during CDM growth 
(Figure 24C). While we have not determined the MglA-regulon under different 
growth conditions, expression pattern of the published regulon suggests that 
nutrient limitation and/or microaerophilic growth are triggers for these genes. 
Therefore, MglA-regulated genes may be necessary but are not sufficient for 
the CDM ST enhancement of biofilm formation. We do show, however, that 
nutrient limited growth may increase the virulence of F. tularensis. Activation 
of the MgIA pathway during nutrient limited growth may promote survival both 
in nature and within a mammalian host. 
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Figure 24 - The MglA-regulon is expressed at statistically higher levels during minimal 
media growth. 
The expression pattern of the MglA-regulon was examined for MH SH, MH ST, CDM SH, and 
CDM ST growth curves (A). SAM analysis demonstrated that 103 spots had higher signal for 
F. novicida grown in CDM regardless of aeration (B). Of these significant genes, the entire 
FPI was highly expressed during nutrient limited growth (C). In all cases, timecourse 
microarray data are displayed left to right. 
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4.4 DISCUSSION 
Investigating the role of nutritional and environmental stresses on F. 
novicida biofilm formation was one step in understanding how this pathogen 
senses and adapts to the environment. In Chapter 2, we characterize the 
response of F. novicida to carbon limitation and found the pathogen responds 
enhanced biofilm formation. Here, we identify static growth that limits oxygen 
and nutrient availability, as a key promoter of biofilm initiation. Environmental 
and pathogenic bacteria form biofilms to promote survival in non-ideal 
conditions (129, 142, 163,186). Biofilm regulation occurs at many levels, 
integrating multiple environmental and bacterial signals to control the transition 
from planktonic to surface-associated growth. 
The biofilm mutant screen described in the previous chapter provided 
clues to the influence of nutritional state in F. novicida biofilms. We first 
determined that all known players in the MgIA signaling pathway are deficient 
for biofilm formation (Figure 18). Six MglA-regulated genes were attenuated 
for both biofilm formation and initial attachment (Figure 19). Importantly, MgIA 
influence on F. novicida biofilm formation is not FPI mediated despite the 
attenuated phenotype of a pdpA transposon-insertion mutant (Figure 18). The 
role of MgIA and its regulon in virulence has been well characterized (7, 12, 
21, 110). Given the homology of MgIA and co-regulator SspA to known 
general stress response regulators in other Gram negative bacteria (20, 27), 
the potential role in the MgIA pathway in mediating survival outside of a 
eukaryotic cell is intriguing. In E. coli, the sspA homolog controls acid 
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resistance (85), osmotic tolerance (195), and starvation response (212). Of 
the 102 MglA-regulated genes (21), only small subset have been evaluated for 
function in any context. Brotcke et al. did find that an ospD3 homolog 
(FTN_1071) is regulated by MgIA and has no role in mammalian infection (21). 
This gene was among the MglA-regulated biofilm mutants, further suggesting 
that some regulon genes may function in environmental persistence. We also 
observed strong expression of the MglA-regulon under biofilm promoting 
conditions (Figure 24). Given the increased biofilm formation of F. novicida 
grown under these conditions and the requirement of both MgIA and FevR for 
wild-type biofilm formation, we plan to determine the MglA-regulon under the 
conditions that promote maximum biofilm formation. If the MgIA signaling 
pathway is indeed both a general stress response pathway and a virulence 
regulation pathway, F. tularensis must have a way of integrate multiple signals 
through this pathway and respond in different manners. Different proteins in 
the MgIA pathway (e.g. FevR, CaiC, and CphA) may, therefore, respond to 
different cues, yielding distinct responses. 
The hyper-biofilm phenotype of numerous metabolism and nutrient 
transport mutant strains also indicated a role for nutrient limitation in biofilm 
formation. Thirty-one of the 105 hyper-biofilm genes fell into these two 
biological processes (Table 4). Mutations in these 31 genes should confer an 
artificial starvation response for the bacteria by inhibiting nutrient important or 
blockage of various metabolic pathways. We concluded that such 
physiological stress induces F. novicida biofilm formation. We are currently 
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exploring the role of MgIA pathway, the stringent response, and the limited 
repertoire of two component systems in sensing of nutritient availability is and 
induction of biofilm formation. Both an orphan response regulator (48) and the 
stringent response (43) were recently implicated in F. tularensis biofilm 
regulation. 
Collectively, the biofilm screen data strongly suggested a role for 
environmental stresses in F. novicida biofilm induction. We measured biofilm 
levels for bacteria grown under oligotrophic and static conditions to test this 
hypothesis. Surprisingly, growth in CDM minimal medium alone did not 
promote greater biofilm formation (Figure 21). CDM media contains glucose, 
however, explaining why we did not observe the carbon limitation phenotype 
described in Chapter 2. Static growth however was sufficient to cause higher 
crystal violet staining. Antibiotic pre-treatment of MH ST cultures blocked the 
enhanced biofilm kinetic, while treated CDM ST cultures had no effect on 
biofilm kinetic or magnitude (Figure 21). These results indicated that sensing 
of oxygen tension and nutrient availability may act synergistically to cue a 
switch to biofilm formation. Gerstel et al. identified nutrient starvation and 
oxygen tension as the two major signals for Salmonella typhimurium biofilm 
formation (69). 
We queried which F. novicida gene products were expressed in the 
CDM ST condition by global expression profiling. Hierarchical clustering of 
expression microarray data for F. novicida grown in each of the four growth 
conditions demonstrated gene clusters for MH, CDM, ST, and CDM ST 
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conditions (Figure 23A). Multiclass SAM analysis on pre-stationary phase 
cultures identified 74 genes expressed highly in CDM ST growth condition that 
promoted F. novicida biofilms (Figure 23B, Table 5). The FTN0714 
lipoprotein was the only biofilm determinant described in Chapter 3 found to be 
highly expressed in CDM ST. Could this gene product fully explain the 
increased biofilm formation of CDM ST grown cultures? We previously 
performed a biofilm mutant screen using a different transposon-insertion 
mutant library developed by David Weiss (208). While the FTN0714 was 
identified numerous times in this earlier screen and confirmed for biofilm 
formation, technical issues prevented the successful identification of other 
mutants. Serendipitously, the Weiss library contained transposon-insertion 
mutants for genes not represented in the Manoil and Gallagher Two Allele 
library. Several of these, including cell wall synthesis and recycling genes, 
were confirmed to be biofilm-deficient. The ampD and ampG genes in this 
process were also highly expressed in the CDM ST condition. While clean 
deletions of these genes conferred decreased fitness, the genetic and 
expression data indicates a role for cell wall expansion and rearrangement in 
biofilm formation. 
The predominance of highly expressed nutrient transporters (26 of 74 
genes) strongly indicates a specific starvation response during static growth in 
minimal media. This growth condition most closely resembles the 
microenvironment virulent F. tularensis strains are likely to encounter in 
nature. Stressful conditions may, therefore, be sensed by the qseB/pmrA 
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homolog shown to influence F. novicida biofilms (48) and stringent response 
mediators RelA and SpoT that are highly expressed under static conditions. 
These pathways may integrate environmental signals through the MgIA 
signaling pathway to trigger biofilm formation. Charity et al. found in the 
context of virulence regulation that ppGpp mediates expression of the MglA-
regulated virulence factors, including the FPI (personal communication with 
James Charity). Expression profiling of wild-type and mgIA mutant bacteria 
adhered to surfaces such as chitin will elucidate the MgIA regulon in an 
environmentally relevant context and potentially determine how the MgIA 
signaling pathway regulates biofilm formation and environmental persistence 
mechanisms. 
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Chapter 5: Identification of a novel Francisella 
tularensis polar appendage 
Jeffrey J. Margolis1, Lydia-Marie Joubert2, Luis Comolli3, Nafisa Ghori1, and 
Denise M. Monack1 
1 Department of Microbiology and Immunology, Stanford University School of 
Medicine, Stanford, CA 94305. 
2 Cell Sciences Imaging Facility, Stanford University School of Medicine, 
Stanford, CA 94305. 
3 Life Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 
94720. 
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5.1 CHAPTER 5 SUMMARY 
In Chapter 4, we concluded that static growth dramatically increased the 
kinetics of F. novicida biofilm formation. This enhancement suggested that 
statically grown F. novicida may undergo a morphological change that 
promotes surface association. SEM imaging of biofilms grown under static 
conditions revealed a novel appendage that closely resembled the structure of 
the Caulobacter crescentus stalk. Stalk formation was conserved in the Type 
A SchuS4 strain, as well. Further microscopic analysis provided additional 
structural characterization of the stalk structure and composition. 
We previously established that static growth increased the entry of F. 
novicida into host macrophages. We, therefore, visualized the interaction of 
statically grown bacteria with these immune cells and found that the same 
stalk appendage interacts with the cell membrane. Additionally, a stalk-like 
structure was observed on F. novicida in the cytoplasm of bone marrow-
derived macrophages. The F. tularensis stalk may, therefore, also facilitate 
intracellular infection. 
To elucidate the role of F. novicida stalk formation, we performed a 
forward genetic screen to identify stalk-deficient mutants. We developed a 
fluorescence microscopy technique to assay for stalk formation in a high 
throughput manner. Twenty-six genes were found to have decreased stalk 
formation; including LPS and cell wall biosynthesis genes and 7 hypothetical 
genes. Of note, F. novicida stalk formation was independent of Type-IV pili 
genes and the FPI. The lack of stalk-less mutants suggests that genes 
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required for stalk biogenesis are essential and furthers the hypothesis that F. 
novicida stalks form through the same machinery that generates the cell 
envelope. As we further characterize this novel appendage we discovered, we 
hope to gain insight into the mechanism of F. novicida biofilm formation, 
environmental persistence and potentially intracellular survival. 
5.2 INTRODUCTION 
Our expression data from Chapter 4 strongly suggested that statically grown 
F. novicida produce factors that enhance surface association and early biofilm 
formation. We hypothesized that morphological changes in the cell body may 
explain this result. Bacteria utilize a variety structures to associate with 
surfaces. Many of these adhesins are proteinaceous, including the various 
filamentous pili (162). During biofilm formation carbohydrates (24, 211), LPS 
(10, 42, 63) and DNA (80, 125) can also facilitate non-covalent surface 
attachment. 
A small set of aquatic bacteria produce a large polar appendage that 
facilitates attachment and synchronizes a complex developmental lifecycle. 
These prosthecated bacteria belong solely to the a-Proteobacteria and include 
C. crescentus and Hyphomonas neptunium (179, 207). This cylindrical 
structure is a continuation of both bacterial membranes and the peptidoglycan 
layer in between (160, 181). Stalks have not been described in pathogenic 
bacteria, nor in non-flagellated organisms. Therefore, the presence of a stalk-
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like structure for F. tularensis challenges the established roles for this 
appendage. 
The role of the C. crescentus stalks in attachment, cell division, 
secretion and nutrient uptake has been explored both genetically and 
biochemically. The polar stalk is an essential determinant of asymmetrical cell 
division of C. crescentus. Cell division of dimorphic prosthecate bacteria 
begins by the biogenesis of a stalk (94). Flagellated bacteria use two 
phospho-relay systems to transition to a stalked, sessile form (28). A 
carbohydrate-based adhesin at the tip of the stalk, termed the holdfast, tethers 
the bacterium to a surface (106, 115). Attachment via the C. crescentus 
holdfast is an essential step in biofilm formation for this aquatic organism (57, 
178). The result is asymmetric cell division, leading to a flagellated, swarming 
daughter cell and a stalked parental cell (94). Asymmetrical division results 
from the cell polarity established by stalk biogenesis. Key mitotic and 
septation machinery, including the actin-homolog MreB, are localized by pole-
associated PleC and DivJ (9). Because of this highly organized sequence of 
events, C. crescentus is a popular developmental biology model. F. tularensis 
is not reported to divide by asymmetric mechanisms. 
The stalk may also function in nutrient acquisition. Ireland et al. 
performed a proteomic analysis of membrane proteins of the C. crescentus 
stalk and discovered an enrichment for amino acid, phosphate, and other 
nutrient uptake systems (93). Phosphate-limitation in particular was shown to 
increase the stalk elongation. Growth in the absence of exogenous phosphate 
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or deletion of a phosphate transporter resulted in a significant increase in stalk 
length (93, 202, 204). Interestingly, these researchers found that stalk outer 
membrane proteins represented a selected subset of known cell body outer 
membrane proteins (93). Limited inner membrane and cytoplasmic proteins 
were found in the stalk during this study. C. crescentus researchers 
hypothesize that the structure of the stalk with a high surface area to volume 
ratio optimizes nutrient uptake by this bacterium (202). Additionally, the 
increased buoyancy of the stalk compared to the cell body may promote 
maintenance at the oxygen and nutrient enhanced air-liquid interface (165). 
Here we describe the identification of a novel F. tularensis appendage 
that morphologically resembles the C. crescentus stalk. This polar structure 
forms during biofilm formation and biogenesis is faster when F. novicida is 
grown statically. Electron microscopy techniques provided a detailed 
characterization of the Francisella stalk structure. To date, we have only 
inferred the function of the F. tularensis stalk. Beyond its potential role in 
biofilm formation and environmental persistence, this appendage may also 
facilitate host cell association and intrcellular survival. We observe stalked-
bacteria associated with multiple eukaryotic cell types, with the percentage 
increased for statically grown F. novicida. In addition, a high percentage of 
stalked bacteria are observed in the cytoplasm of bone marrow-derived 
macrophages. We attempted to identify genes required for stalk biogenesis, 
but discovered that these genes are likely essential. By further characterizing 
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this novel structure, we hope to understand unique F tularensis adaptation to 
environmental stress. 
5.3 RESULTS 
5.3.1 Identification of a novel F. novicida polar appendage 
We imaged F. novicida attachment and early colonization to determine if 
morphological alterations explained the enhanced biofilm phenotype of CDM 
ST grown bacteria. We inoculated aerated, rich medium (MH SH) and static, 
minimal medium (CDM ST) overnight cultures onto glass coverslips and 
allowed the bacteria to colonize for 90 min. Samples were then fixed and 
prepared for SEM visualization. At this timepoint, we observed scattered 
individual bacteria in the MH SH samples (Figure 26A). Higher numbers of 
CDM ST grown F. novicida adhered at 90 min and more clumps of cells were 
visible (Figure 26B). At higher magnification, we discovered a polar 
appendage in the adhered CDM ST population (Figure 26C). This structure 
closely resembled the appearance of the C. crescentus stalk (202). Based on 
this structurally similarity we termed the novel appendage we observed the 
Francisella stalk. Early stalk biogenesis was captured for some attached 
bacteria (Figure 26D). A protrusion of the inner membrane appeared to force 
the outer membrane to stretch outwards, while maintaining a coccobacillus 
structure. 
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Figure 25 - F. novicida biofilms form a novel appendage. 
SEM images of 90 min F. novicida biofilms from cultures pre-grown in MSH SH (A) and CDM 
ST (B) conditions are displayed. Greater surface colonization was observed for the CDM ST 
condition. (C) Higher magnification imaging of the CDM ST adhered population revealed 
numerous novel polar appendages (white arrows). (D) Appendage biogenesis appeared to 
initiate by protrusion of the inner membrane (yellow arrow) for the CDM ST biofilm bacteria. 
We turned to transmission electron microscopy (TEM) technique to 
better characterize the structure of the novel F. novicida stalk. We found that 
static growth in 2 ml of tryptic soy broth supplemented with 0.2% cysteine 
(TSBc) yielded similar stalk structures. Pellicle formation at the air-liquid 
interface of the statically grown cultures generated F. novicida biofilms that 
were easily recovered for microscopy. After 2 d and 7 d, whole static cultures 
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were vortexed vigorously for 30 s and pipetted 30 times to generate a single 
cell suspension of biofilm bacteria. During static incubation, bacterial growth 
was found predominately at the liquid surface. Therefore, the majority of 
bacteria imaged were recovered from a biofilm community. Negative staining 
of the 2 d samples (Figure 27A) demonstrated stalk formation similar to what 
was observed in the biofilm SEM images (Figure 26). We observed single, 
polar localization of this appendage at this timepoint. After 7 d of static growth 
(Figure 27B), we visualized many stalks per field. Interestingly, these 
structures reached up to several microns in length and were often not 
associated with the bacterial cell body. Smooth, continuous edges of the cell-
free stalks, suggested that these structures are shed by the bacterium rather 
than sheared off during processing. The role of these removed stalks is 
unknown. 
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2 days 7 days 
Figure 26 - Formation of F. novicida stalk during static broth growth. 
Images represent morphologies of F. novicida grown statically in TSB broth with 0.2% 
cysteine. Stalked bacteria were observed after 2 d of static growth (A). At 7 d, stalks were up 
to 4 urn long and were commonly dissociated from the bacterial cell body. Scale bar equals 1 
urn. 
SEM and negative staining provided a good characterization of the ultra 
structure of the F. novicida stalk. CryoEM performed in collaboration with Luis 
Comolli at Lawrence Berkeley National Laboratory investigated how these 
appendages form and remain associated with the bacterial cell body. Two 
main stalk compositions were observed in the cryoEM images. The majority of 
stalked bacteria demonstrated a contiguous continuation of both the inner and 
outer membranes (Figure 28A) consistent with the C. crescentus stalk (202). 
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For these stalks, we observed electron dense cytoplasm throughout the stalk 
body. In a minority of cases, only the outer membrane encircled the stalk 
body (Figure 28B). We visualized only blebs of For these instances blebs of 
cytoplasm inside the stalk in these instances. TEM of thin sectioned 2 h F. 
novicida biofilms grown on polystyrene support the both stalk compositions 
(Figure 29). The majority of stalked-bacteria possessed a single, polar 
appendage. Both inner and outer membranes are visible surrounding the stalk 
body in most bacteria with the appendage. In other instances, only the outer 
membrane composes the stalk body. 
(A) (B) 
Figure 27 - CryoEM characterization of F. novicida stalk. 
CryoEM imaging revealed two distinct F. novicida stalk morphologies. Bacteria were grown 
statically for one week before cryoEM processing. The majority of bacteria had a stalk that 
was contiguous with both the inner and outer membrane of the cell body and contained 







Figure 28 - Thin section TEM of F. novicida biofilms grown on polystyrene. 
Thin sections of 2 h F. novicida biofilms were imaged by TEM. Polar stalks were observed on 
a majority of attached bacteria. Smaller bacterial cells were observed with multiple stalks in 
the minority of cases. Scale bar equal 1 urn. 
While an intriguing morphology for F. novicida, we tested a Type A 
human pathogen strain for stalk production to determine if this appendage 
may contribute to the fitness of highly virulent F. tularensis strains. In Chapter 
3, we demonstrate that the F. tularensis subsp. tularensis strain SchuS4 forms 
biofilms. If stalk formation facilitates surface colonization or persistence, then 
we should detect stalk formation on SchuS4 grown in conditions that promote 
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stalk formation in F. novicida. With the help of Jean Celli at Rocky Mountain 
National Laboratory, 2 d static cultures of this Type A strain were negative 
stained and imaged by TEM (Figure 30). The structure of the SchuS4 stalk 
was consistent with what we observed for F. novicida (Figure 27). 
Figure 29 - Virulent Type A strain SchuS4 forms stalk appendages during static growth. 
Presented images show representative SchuS4 stalk formation during static growth in MH 
broth for 2 d in polyethylene tubes. Structure and dimensions were consistent with those 
observed for F. novicida. Scale bar equals 500 nm. 
5.3.2 F. novicida stalks are formed during intracellular infection. 
In Chapter 4 we describe the effects of static growth and nutrient limitation on 
biofilm formation. The enhanced biofilm phenotype with these growth 
conditions led us to investigate F. novicida morphology and led to the 
discovery of the Francisella stalk. We also observed an enhancement for 
intracellular infection for F. novicida growth under these environmental 
127 
stresses. Bacteria grown in rich TSBc or minimal CDM with or without 
aeration were spun unto 2.5x105 cells at a MOI of 100:1. After 1 h at 37° C, 
free bacteria were washed away and extracellular bacteria were killed with 100 
ug/ml gentamicin for 1 h. The infection continued for an additional hour and 
CFU were recovered 3 h post-infection. Growth in minimal media and lack of 
aeration had a synergistic effect on the recovery of this organism from 
RAW264.7 macrophages after 3 h (Figure 31). 
Entry efficiency into RAW264.7 cells 
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Figure 30 - Enhanced infection after nutrient limitation and static growth. 
The graph above shows the infection of RAW264.7 macrophage-like cells with F. novicida 
grown under different conditions prior to inoculation. Efficacy of infection was measured as 
percent of inocula recovered after 3 h. The average of triplicate samples is displayed. Both 
growth in minimal medium and static growth promoted increased intracellular CFU recovery 
(P<0.01). 
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In light of the effect of static growth on F. novicida infectivity, we 
hypothesized that the novel stalk we observed may facilitate intracellular 
infection. We visualized statically grown F. novicida infecting RAW264.7 
macrophages to address this question. TEM imaging of a 30 min timepoint 
demonstrated numerous stalked F. novicida attaching to host cells or within a 
vacuole (Figure 32A). We confirmed that stalked bacteria attach to non-
phagocytic cells, as well by testing TIB-73 hepatocytes (Figure 32B) and HeLa 
epithelial cells (Figure 32C). Additionally, stalked F. novicida we found in high 
numbers inside of infected macrophages (Figure 33). Jonathan Jones, a 
graduate student in the lab, discovered the presence of these structures 
during infection using a selective permeabilization technique for labeling 
cytosolic bacteria. This technique developed by Jean Celli (30) for F. 
tularensis intracellular localization studies utilizes the selective 
permeabilization of the cholesterol-rich plasma membrane by digitonin to 
identify cytosolic bacteria. At 6 h post-infection, bone marrow-derived 
macrophages were treated with this detergent and cytosolic F novicida was 
labeled in red using a polyclonal F. novicida antibody (Aves Labs, Tigard, OR). 
The cells were next fixed with 4% paraformaldehyde and treated with 1 % 
saponin to permeabilize the entire cell. All bacteria were then labeled in 
green. The cytosolic structure observed inside of macrophages (Figure 
33A.C) closely resembled the appearance of stalks formed on broth grown F. 
novicida (Figure 33D). Interestingly, intracellular stalks were only detected in 
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the staining for intracellular bacteria. Formation of intracellular stalk was not 
dependent on the FPI (Figure 33C). 
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Figure 31 - F. novicida stalks associated with eurkaryotic cell membranes during 
infection. 
The provided images show the association of the polar F. novicida stalk with the eukaryotic 
cell membrane during infection 30 min post-infection. This structure was observed in close 
contact with multiple cell types. Infection of RAW264.7 macrophages (A), TIB-73 hepatocytes 
(B), and HeLa epithelial cells (C) are shown. 
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F. novicida + Die F. nov + No Di( 
Figure 32 - Stalk-like structures form on intracellular F. novicida. 
The morphology of stalked F. novicida grown in broth and intracellular F novicida were 
compared. Static culture bacteria (lower right) possessed large numbers of stalk. Inside of 
bone-marrow derived macrophages, cytoplasmic F novicida were labeled in red by digitonin 
permeabilization and all bacteria were labeled in green (left panels). The Francisella stalk was 
detected in both wild-type and FPI mutant F. novicida, but only in the cytoplasmic staining. 
Minimal stalked bacteria were observed in infected cells that were permeabilized with 1% 
saponin (upper right). 
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5.3.3 F. novicida genes required for stalk formation are essential. 
The novel stalk appendage we describe for F. novicida may play roles in both 
biofilm formation and host cell infection; potentially by facilitating interaction 
with these surfaces. We performed a forward genetic screen for genes 
required for biosynthesis of this structure to address the molecular 
mechanisms of its formation. By identifying a mutant phenotype for deletion 
mutants in stalk machinery, we also hoped to cement a role for the Francisella 
stalk in colonization and persistence of this pathogen. 
We first established an immunofluorescence imaging protocol to enable 
high throughput screening. This step was crucial for efficiently screening the 
Two Allele library. The characterization of stalk morphology described above 
required electron microscopy imaging; a time and labor intensive process. 
Given the relatively small size of F. tularensis strains (diameter ~1 urn), light 
microscopy techniques such as phase contrast and DIC did not resolve the 
stalk structure sufficiently to allow for rapid assessment of stalk biogenesis. 
We knew that static growth in TSBc for 5-7 d yielded a pre-dominantly 
stalked population (Figure 34A). To immobilize these cultures to a surface for 
imaging, 1:100 dilutions of 10 pi culture spots were dried onto poly-L-lysine 
coated glass microscope slides. The bacteria were labeled with a polyclonal 
chicken anti-F. novicida primary antibody and stained with a goat anti-chicken 
488 nm secondary antibody. Mounted samples could then be visualized by 
fluorescence microscopy in the green channel. By using fluorescence 
imaging, we amplified the signal of the stalk structure allowing for visualization 
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of this appendage in a single focal plane. To scale up this procedure, plates 
of the Two Allele library were grown statically for one week in TSBc in 96-well 
plate format. Eighteen samples were then spotted onto a single coated slide 
and multiple slides were stained by submersion in primary and secondary 
antibody solutions. All fluorescently-labeled samples were imaged individually 
by eye for the presence of stalk. Transposon-insertion mutants with 
qualitatively less stalk formation were retested in triplicate and assessed for 
wild-type growth in broth. David Halladin, a rotation student in the lab, 
performed the visual screen of the Two Allele library for stalk-less F. novicida 
mutants. 
No transposon-insertion mutants yielded zero stalk production after 7 d 
of static growth in TSBc. Given the predicted role of cell wall and LPS re-
arrangement in F. novicida stalk formation we were not surprised that the 
genes required for stalk formation are essential and not represented in the 
Two Allele library. We did however find 27 transposon-insertion mutants that 
conferred reduced stalk formation compared to wild-type F. novicida (Table 6). 
A representative stalk-deficient mutant, minC::Tn5, is presented in Figure 34. 
In many cases, we observed fewer bacteria on the microscope slide than with 
wild-type F. novicida than for transposon-insertion mutants that exhibited 
decreased stalk formation. 
Stalk-deficient mutants fell into three main functional categories. Cell 
wall/LPS genes were most represented in the screen, with 8 genes 
contributing to stalk formation. This list included 7 genes whose products 
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modify LPS and the minC septum formation inhibitor. The ostA2 LPS 
modification gene characterized in Chapter 3 was among the decreased stalk 
mutants. An additional 7 genes had no known function and 6 functioned in 
metabolism. The remaining 5 genes were annotated with various functions 
including stringent response ppGpp synthase, relA, and a drug/metabolite 
transporter. We concluded from these results that stalk biogenesis requires 
essential genes for stalk formation. Additional factors including known cell 
envelope machinery may also contribute to stalk biogenesis. 
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Figure 33 - A transposon-insertion mutant in septum formation gene, minC, produces 
less stalk during static growth. 
Stalk formation of a transposon-insertion mutant in the minC gene which contributes to 
bacterial cell division is displayed. This mutant strain was representative of transposon-
insertion mutants identified in the stalk screen for decreased stalk biogenesis after 7 d static 
growth in TSBc at 37° C. 
5.4 DISCUSSION 
Here we report the initial characterization of a novel polar F. novicida 
structure. We predicted that changes in bacterial morphology may enable 
increased initial association with a surface. We discovered this appendage 
that closely resembles the C. crescentus stalk in structure when we visualized 
F. novicida grown under conditions that promote biofilm formation. While the 
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role of C. crescentus cytoskeletal proteins in stalk formation (3, 46, 203) and 
the proteomic contents of this structure (93) have been defined, the 
mechanism of cell envelope rearrangement to yield this structure remains 
unknown. For F. novicida, stalk morphogenesis appears to begin by a 
protrusion of the inner membrane and cytoplasmic contents into the outer 
membrane (Figures 26D, 27-29). By SEM we observed coccobacilli with a 
nascent stalk formed within the confines of the outer membrane. The mature 
F. novicida stalk has polar localization is approximately 100-200 nm wide by 
up to several microns in length. 
The virulent Type A SchuS4 strain formed the same structure when 
grown statically (Figure 30). All known prosthecated bacteria live solely in 
aquatic environments and require the stalk to mediate a complex lifecycle 
begun by stalk-driven adherence of de-flagellated bacteria (9, 94). 
Conservation of this structure in virulent F. tularensis breaks the existing 
dogma for prosthecated bacteria and suggests exciting possibilities for the role 
of this structure in the fitness of this zoonotic pathogen. 
While the precise function of this structure currently eludes us, we 
observed this Francisella stalk concurrent with biofilm formation on abiotic 
surfaces and during infection of host cells including macrophages, the main 
replicative niche for F. tularensis during mammalian infection (32). We 
hypothesize that the Francisella stalk may facilitate interaction with these 
surfaces. Given the metabolic toll of producing such a structure, this 
appendage must fulfill some function even if this hypothesis proves incorrect. 
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Bacteria are known to produce diverse morphologies from the common cocci 
and bacilli to the more exotic spirochetes and prosthecates (stalked). In most 
instances, particularly with irregular bacterial shape, structure indicates 
functions. For instance, spiral-shaped Helicobacter pylori utilizes this structure 
to corkscrew through the mucus that lines the stomach lining (78). 
Beyond facilitating attachment, the Francisella stalk may also function 
in nutrient acquisition. Localizing nutrient uptake machinery to this structure 
may enhance survival during biofilm formation in oligotrophic environments. 
Ireland et al. found an enrichment for nutrient uptake systems in the outer 
membrane of the C. crescentus stalk (93). In Chapter 4, we found that 26 
nutrient transport systems are highly expressed in growth conditions we 
identified to promote both biofilm and stalk formation. We speculate that these 
transport systems may localize to the Francisella stalk and that the increased 
surface area to volume ratio of this structure increases nutrient uptake. 
Ireland et al. discovered that the proteins localized to the participate mainly in 
nutrient uptake (93). We attempted to biochemically purify stalk outer 
membrane proteins with limited success. We had difficulty separating the 
stalk from the cell body by density gradient centrifugation. 
We also provide anecdotal evidence that the F. tularensis stalk may 
participate in biofilm formation. Stalked-bacteria are observed subsequent to 
surface attachment and presence of these structures occurs earlier in statically 
grown cultures. C. crescentus forms biofilms with a similar matt-structure (57) 
as we observed for F. novicida on both chitin (Figure 2) and glass (Figure 7). 
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C. crescentus biofilms are enhanced by a stalk structure known as the holdfast 
(57). The holdfast forms with a polar localization on the tip of the C. 
crescentus stalk and mediates adherence during asymmetric cell division 
(131). Flagellated daughter cells swim away after cell division, while stalked 
cells remain attached and form biofilms. Biofilms form predominately at the 
air-liquid interface and the C. crescentus stalk may promote maintenance of 
surface attached bacteria in this microenvironment due to its increased 
buoyancy compared to the cell body (165). 
Shedding of the F. tularensis stalk from the cell body after 3-5 d is 
atypical of a-Proteobacteria stalks. In C. crescentus, while a deletion mutant 
in the phosphate transport gene, pstS, confers stalk shedding (93), extrusion 
of the stalk from the cell body is not observed in wild-type bacteria. The role of 
these free stalks is not evident. F. tularensis strains are known to enter an 
avirulent viable-but-non-culturable (VBNC) phase (61). The morphology of 
this form of F. tularensis was not investigated. Shedded stalks may, therefore, 
serve as a spore-like form of F. tularensis that promotes survival in conditions 
not conducive for growth. We attempted to detect DNA within the shedded 
stalk body, but did not have sufficient resolution to visualize nucleic acids in 
either the cell body or stalk. Several bacterial species utilize a VNBC form to 
persist in the environment (107, 119, 159), but none utilize stalk structure to 
mediate survival. 
The Francisella stalk may also facilitate interaction within and survival 
within host cells. As stalk structures have not been previously described on a 
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pathogenic bacterium, the further discovery that F. novicida forms these 
structures inside of macrophages (Figure 32) was unexpected. Looking back 
at the F. tularensis literature, Marcus Horwitz's lab observed stalked bacteria 
when investigating macrophage uptake of F. tularensis (33). This observation 
was dimissed as an artifact of EM processing, however. One predicted role 
for the C. crescentus stalk is localizing protein secretion machinery. The F 
tularensis FPI is a putative Type-VI secretion system that is required for 
intracellular replication (144). Could this system be localized to the stalk 
inside of cells? Stalked F. novicida were visualized inside the cytoplasms of 
macrophages at 6 h post-infection (Figure 33) making this hypothesis feasible. 
Immunofluorescent detection of FPI structural components during infection 
could address this possibility. Interestingly, stalks on intracellular bacteria 
were only stained with the cytoplasmic staining step and not the whole cell 
stain. Destruction of key epitopes on the Francisella stalk by fixation may 
explain this finding and why the stalk has not been previously identified. 
One method of identifying a function for the Francisella stalk is to find 
mutants that do not produce these appendages and then ask if these strains 
have a phenotype in biofilm or infection assays. Using immunofluorescence 
imaging we visually screened the Two Allele library for stalk abnormalities. No 
mutants produced zero stalks. The library represents only non-essential F. 
novicida genes. Therefore, mutants in genes involved in cell wall manipulation 
would not be present. In Chapter 4, we found that F. novicida grown in the 
CDM ST condition expressed cell wall recycling and biosynthesis genes, such 
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as ampD and ampG, to high levels. With the slow growth rate in this 
condition, it is unlikely that increased cell wall machinery is acting in cell 
division. Alternatively, these gene products may function in redirecting the cell 
envelope to form the Francisella stalk. 
While no stalk-less mutants were found, interruption of 27 genes 
conferred decreased stalk formation compared to wild-type F. novicida (Table 
6). This list of genes included 8 cell envelope biosynthesis genes, 7 
hypothetical genes, 6 metabolism genes, and 5 genes with other functions. 
Included in this list is the ostA2 LPS modification gene, identified in Chapter 3 
for its role in attachment to chitin and polystyrene. While these genes are not 
required for stalk formation, their products may aid in cell envelope 
rearrangement or provide cues for stalk initiation. We are in the process of 
confirming the role these genes may play in stalk biogenesis. 
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Chapter 6: Discussion 
The overarching aim of this thesis was to investigate the lifestyle of the 
highly virulent pathogen, F. tularensis, outside of its wide host range. F. 
tularensis is studied for its extremely low infectious dose and the severity of its 
disease manifestations. As few as 10 organisms can cause lethal disease if 
inhaled (55). As a result, the CDC classified this pathogen as a Class A 
bioterrorism agent (44). Since this classification, the number of F. tularensis 
peer-reviewed publications has nearly doubled over the past eight years to 
almost 2,000 articles (PubMed). This research has focused on a better 
understanding of F. tularensis intracellular replication and the mechanisms of 
immune clearance with the goal of therapeutic and vaccine development. 
While many aspects of the intracellular lifecycle of this pathogen have been 
elucidated in recent years, very little is known about how F. tularensis survives 
outside of mammals to enable disease transmission. 
The mechanisms of non-host persistence remain an open question in 
the F. tularensis literature. The high morbidity and mortality of tularemia 
infections renders F. tularensis almost too successful of a pathogen. 
Mammalian organisms either resolve or succumb to F. tularensis infection 
(146, 153), preventing long term persistence or animal-to-animal transmission. 
Therefore, an animal reservoir for disease transmission is unknown (146). 
This may explain why a large number of reported tularemia cases are linked to 
environmental reservoirs. As such, this organism may persist mainly in the 
142 
environment and only intermittently associate with mammals, making the 
environmental lifestyle of F. tularensis an essential step in the emergence of 
tularemia in Eurasia and parts of North America where disease is now 
endemic. 
The lack of tropism of F. tularensis makes this pathogen intriguing from 
an ecology standpoint, as well. While most pathogens survive in a limited 
number of environments and hosts, F. tularensis inhabits ones of the widest 
environmental ranges of any studied pathogen (177). For instance, unlike the 
bacterial pathogen Y. pestis, which is transmitted by a single vector type (65), 
F. tularensis is carried by numerous arthropod vectors including several tick 
species, biting flies, and mosquitoes (138, 146, 164). Additionally, this 
zoonotic pathogen has been isolated from fresh water, environmental amoeba, 
and hundreds of mammalian species (5, 146, 153, 154, 177). The disease 
state in arthropod vectors is unknown, but these organisms are one potential 
reservoir (164). Environmental amoebae represent an alternative site for F. 
tularensis persistence and replication in nature. Abd et al. demonstrated that 
LVS can infect Acanthamoeba castellanii (1). In collaboration with Sahar El-
Etr and Amy Rasley at Lawrence Livermore National Laboratory, we recently 
identified amoeba cysts as a potential long term site of Type A F. tularensis 
persistence (53). Colonization of such diverse environments requires either 
multiple sets of niche-specific genes or more likely a single set of genes that 
enables association with multiple environments. 
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We identify F. tularensis biofilm formation on chitin as the first potential 
non-host niche for this zoonotic pathogen in nature. Our characterization of 
the F. tularensis response to environmental stresses may explain how this 
pathogen persists in the absence of a host preceding uptake by arthropods 
and amoeba and subsequent spread to mammals. We hypothesized that the 
oligotrophic environments F tularensis encounters in nature promote biofilm 
formation and that production of these communities enables survival by 
utilizing nutritive surfaces such as chitin for growth. Biofilms play an integral 
role in bacterial survival in nature (216), disease transmission (95), and 
infection (6). Slow growing, attached populations resist environmental 
stresses and permit colonization of environmentally and medically relevant 
surfaces. 
For non-motile bacteria, the first step in environmental persistence likely 
is association with a nutritive source. Many Gram-negative bacteria utilize 
filamented proteins, such as pili, to mediate surface colonization. These 
structures allow attachment to everything from abiotic environmental surfaces 
to epithelial cells lining mammalian tissues (57, 71, 101, 104, 147, 190). 
Surprisingly, despite encoding for Type-IV pili, F. tularensis has evolved 
different proteins for surface association. The broad range of permissive 
environments F. tularensis inhabits indicates that this pathogen potentially 
uses conserved mechanisms to colonize diverse surfaces. The Sec-secreted 
adherence factors we identified in Chapter 3 which promote attachment to 
multiple non-mammalian surfaces support this hypothesis. Further, Sec-
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secreted FTN_0100 and FTN0714 gene products were highly expressed in 
the static, minimal medium conditions that promoted rapid surface 
colonization. This result indicated that microaerophilic and oligotrophic growth 
promotes the production of factors that enable association with surfaces such 
as chitin. Similarly, biofilm formation was 13-fold higher for the carbon-limiting 
condition in the chitin colonization experiments performed in Chapter 2. These 
data indicate that nutrient and oxygen stresses upregulate production of F. 
tularensis adhesins which promote surface colonization and biofilm formation. 
Given the aquatic environments where F. tularensis likely survives outside of a 
host, this regulation furthers our assertion that this pathogen has evolved to 
colonize environmental surfaces. 
Environmental regulation of F. tularensis biofilms is consistent with 
control of biofilm genes in other well-characterized biofilm-forming bacteria. 
For instance, curli proteins that facilitate initial surface association during 
biofilm formation by several organisms are triggered by low temperature, 
microaerophilic conditions, low nitrogen and phosphate, and slow and starved 
growth (68, 127,149). Consistent with the curli literature, we demonstrate that 
static growth and nutrient limitation function as two signals for F. tularensis 
attachment and biofilm formation. We screened the F. novicida Two Allele 
library specifically looking for attachment genes. Bacteria were grown in rich 
media to minimize growth differences between strains. We, therefore, limited 
our ability to identify the regulatory machinery that mediates F. novicida biofilm 
formation in response to nutrient limitation. Therefore, regulatory pathways we 
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identified most likely sense microaerophilic growth. Static growth promotes 
biofilm formation in S. typhimurium and is sensed by the MerR-family regulator 
agfD (69). FevR is a MerR-family regulator in F. tularensis species. While this 
MgIA pathway regulator is characterized for its role in virulence regulation (20), 
we identify in Chapter 4 a role for FevR, and all other known proteins in this 
signaling pathway, in biofilm regulation, as well. Additionally, fevR was highly 
expressed in the CDM ST condition that enhanced biofilm formation, inferring 
a possible positive feedback loop. Six genes regulated by MglA/FevR in batch 
culture also mediated biofilm formation. While this list did not include the Sec-
secreted adhesion factors we characterize in Chapter 3, the MglA-regulon 
during static growth has not been characterized. We also found that both relA 
and spoTstringent response pathway genes were highly expressed during 
static growth, suggesting a role for these genes in biofilm regulation. 
Additionally, RelA was required for wild-type stalk production in Chapter 5. 
Charity et al. have submitted that stringent response activation is required for 
MglA/FevR function (personal communication). Little else is known about 
connections within the stress response regulatory network for F. tularensis. 
Biofilm formation by this organism may provide a model system to dissect the 
interplay between known components and identify novel players. We plan to 
determine the potential role of the MgIA pathway and other regulatory 
machinery (e.g., stringent response, PmrA, and QseC) in regulating biofilm 
mediators (e.g., FTN_0714) and use this information to define interactions 
between these levels of regulation. 
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F tularensis must be able to scavenge metabolites from surfaces after 
attachment. While almost any surface that bacteria come in contact with can 
be a substrate for biofilm formation (73), the specific requirement of chitinases 
for F. novicida biofilm formation on chitin suggests that this surface represents 
an actual niche for this pathogen in nature. Unlike motile V. cholerae that can 
chemotax towards nutrients, F. tularensis species are non-flagellated and non-
motile under laboratory conditions (39). Therefore, the ability of Francisella 
species to adhere to and colonize chitin may represent a single mechanism for 
survival in nutrient poor non-host environments. Growth on chitin may trigger 
a specific biofilm program of genes that promote the retention of scavenged 
GlcNAc in the local microenvironment for use by F tularensis. We plan to 
address this hypothesis directly by determining the global expression profile of 
F. novicida attached to chitin and look for overlap with the biofilm determinants 
we describe in Chapter 3. 
The highly expressed nutrient transporters expressed in biofilm 
promoting conditions may provide the mechanism for the chitin survival 
strategy. This possibility is consistent with the aquatic persistence for C. 
crescentus. Ireland et al. found that numerous nutrient uptake systems 
localized to the C. crescentus stalk (93). This aquatic organism forms stalk in 
response to nutrient limitation as well; in this case phosphate deprivation (76). 
Wagner et al. demonstrated that inorganic phosphate is imported through a 
stalk-localized high-affinity phosphate-binding protein (204). F. tularensis 
stalk production during biofilm formation may also facilitate nutrient uptake. 
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Because general nutrient limitation and static growth promote both F. 
tularensis stalk biogenesis and nutrient transporter expression, this structure 
may facilitate uptake of amino acids, sugars, and inorganic nutrients. Stalks 
were difficult to detect during biofilm formation on chitin due to the presence of 
other extracellular biofilm components (e.g., EPS). In sparser areas, stalked 
F. novicida are observed. Therefore, the stalk may specifically promote 
GlcNAc uptake allowing hydrolyzed chitin to be utilized for growth, as 
described in Chapter 2. 
The F tularensis stalk may also strengthen attachment and enhance 
biofilm formation, providing a more intimate association with chitin. 
Attachment via the stalk is an important step in C. crescentus biofilm formation 
(57). C. crescentus stalk-mediated attachment occurs via carbohydrate region 
at the tip, termed the holdfast (131, 202). While the F. tularensis does not 
encode for homologs of holdfast biosynthetic machinery, we do observe 
numerous stalked cells associated with surfaces. The Thanassi Lab at Albany 
Medical College recently also identified the F. tularensis stalk and found that 
the FTN_0714 gene product makes up 17% of the stalk outer membrane 
protein (personal communication). We establish in Chapter 3 that this protein 
plays a crucial role in attachment to polystyrene and chitin, and confers the 
ability to colonize fruit flies to wild-type levels. Initial attachment may, 
therefore, occur via the FTN_0714 protein spread throughout the bacterial cell 
body. Subsequent strengthened surface association may occur via 
localization of the FTN 0714 adhesion to the F. tularensis stalk. This model is 
148 
further supported by the high expression of FTN_0714 in conditions that 
promote both biofilm formation and stalk production. We plan to generate a 
monoclonal antibody to this putative adhesin to establish its localization on the 
cell body during biofilm formation. 
Rearrangement of the cell wall to form stalks may also augment surface 
association and biofilm formation. We previously identified cell wall alteration 
genes, including ampD and ampG, as F. novicida biofilm factors, as well 
(unpublished data). We did not pursue this first screen attempt further due to 
technical issues in confirming biofilm mutant identity. We did however confirm 
the mutant phenotype of ampD and ampG, suggesting that biofilm formation 
involves cell wall rearrangement. However, clean deletion strains exhibited a 
significant growth defect during static growth, confounding this result. These 
genes were also in the highly expressed CDM ST cluster (Table 6). Cell wall 
rearrangement is known to influence biofilm formation by Staphylococcus 
epidermic/is (89), another non-motile bacterium, by directly promoting 
attachment. For F. tularensis, however, we hypothesize that cell wall 
alteration promotes biofilm formation by generating the stalks described in 
Chapter 5. Divakaruni et al. found this to be the case for C. crescentus. Cell 
shape proteins MreB and FtsZ localized cell wall machinery which mediated 
stalk elongation (46). F. tularensis lacks a mreB homolog and ftsZ was not 
represented in the Two Allele library we screened for stalk mutants. While no 
stalkless mutants existed, the minC septation gene and the ostA2 LPS 
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modification gene that was required for biofilm formation were among the 
decreased stalk forming mutants. 
In the environment, the stalk may also deliver the chitinase enzymes 
required to liberate GlcNAc, as well. A third putative C. crescentus stalk 
function is localizing protein secretion machinery. Type-Ill secretion system 
machinery localizes to the C. crescentus stalk body (93). While F. novicida 
does not encode for this type of secretion system, it does produce a Type-ll 
and a putative Type-VI secretion system. Hager et al. showed that the Type-ll 
system secretes proteins important for both survival in nature (chitinases) and 
inside a mammalian host (PepO) (82). 
Combining our data with the published literature, we propose a model 
where F. tularensis persists in nature on chitin surfaces (Figure 34). In this 
model, F. tularensis attaches to chitinous surfaces via adhesins expressed 
during static, nutrient limited growth. The MgIA signaling pathway and PmrA 
and QseC two component proteins transmit environment cues and regulate 
biofilm genes. The MgIA complex may respond to ppGpp secondary 
messenger signals, as evidenced by the work of the Dove lab. Integration of 
this signaling network mediates F. tularensis biofilm formation. Formation of 
biofilm communities allows for the delivery of bacterial chitinase enzymes that 
hydrolyze chitin into usable breakdown products such as GlcNAc and acetate. 
The biofilm matrix enables retention of these metabolites for use by the biofilm 
population. During biofilm maturation, stalk production may enhance surface 
attachment, increase chitinase secretion and promote uptake of released 
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GlcNAc, further promoting F. tularensis persistence in nature. Survival on 
environmental chitin surfaces, including copepods, zooplankton, and arthropod 
vectors, may directly seed typhoidal and inhalational cases of tularemia 
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Figure 34 - Model for F. tularensis chitin utilization. 
Based on our collective data we propose the model diagrammed above for F. tularensis 
persistence on chitin in nature. Static growth in nutrient-limiting conditions triggers a switch 
from planktonic to sessile growth. The stringent response, the MgIA signaling pathway, and 
the PmrA/QseC two component system respond to these signals. Adherence factors are 
upregulated by these stress response pathways and mediate attachment to chitin surfaces. 
Chitinase enzymes are secreted subsequent to attachment and hydrolyze chitin to GlcNAc. 
This carbon source is retained in the maturing biofilm for catabolic use enabling environmental 
persistence. Based on stalk function in other organisms, stalk presence in maturing biofilms 
may 1) enhance surface attachment through increased adhesin interaction with chitin, 2) 
deliver increased amounts of chitin to further liberate GlcNAc, and 3) localize sugar 
transporters that import GlcNAc to maximize intracellular carbon availability. This chitin 
utilization mechanism may permit maintenance in the environment on both arthropods and 
fresh water crustaceans. 
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Our discovery that F. novicida can endure nutrient limitation by forming 
biofilms on chitin surfaces provides insight into how this organism can survive 
outside of a host before being taken up by a vector or amoeba. F. tularensis 
biofilms, therefore, may play a critical step in the ecology of this zoonotic 
pathogen and provide insight into transmission mechanisms to mammals and 
other reservoirs for disease. The closely related Legionella pneumophila 
forms biofilms that are grazed on by environmental amoeba (141). This 
interaction is thought to be critical in the spread of Legionnaire's Disease 
(109). It will be interesting to test if amoeba can feed on chitin-grown F. 
tularensis biofilms. Through personal communication with Tamara McNealy at 
Clemson University, we also know that mosquito larvae can feed on LVS 
biofilms and carry viable bacteria for several days. To date, it is unclear if the 
larvae survive to adulthood and support F. tularensis persistence long enough 
for disease transmission. 
Beyond scavenging carbon in the environment, the secreted chitinases 
that are vital for biofilm formation on chitin could be important for the 
establishment of the arthropod infection, similar to the malaria parasite 
Plasmodium falciparum. The P. falciparum chitinase allows the parasite to 
penetrate the chitin-containing peritrophic matrix surrounding the blood meal in 
the mosquito midgut and establish the infection (200). Efforts to target this 
chitinase to block transmission of malaria are ongoing (174, 184). Both F. 
novicida chitinase enzymes and chitin-binding protein, cbpA, were identified by 
Madeleine Moule in David Schneider's lab as attenuated for systemic 
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Drosophila melanogaster colonization (personal communication). We are 
currently working to discern the role(s) of F. tularensis chitinases (and Sec-
secreted biofilm determinants) in arthropod vectors in collaboration with the 
McNeally Lab at Clemson University (mosquito larvae) and Sara Reese and 
Claudia Schneekloth at the CDC (deer ticks). 
Environmental biofilm formation by F. tularensis may also provide the 
bacterium resistance to grazing by fresh water protozoa. For chitin-colonizer 
V. cholerae, biofilm formation was shown to reduce grazing by flagellate 
organisms compared to planktonic bacteria (126). Thelaus et al. found that F. 
tularensis subsp. holarctica had increased resistance to both ciliate and 
flagellate protozoa compared to E. coli (187). Although the role of biofilm 
formation on predation was not addressed, this observation suggests that F 
tularensis may actively prevent protozoal grazing in nature. Coupled with the 
ability to survive in nutrient-limited aquatic environments, biofilm-mediated 
resistance to predation could contribute to F. tularensis persistence in the 
environment and allow for prolonged transmission of this pathogen. 
Our findings may help explain how tularemia outbreaks that have been 
attributed to fresh water crustaceans occur (4, 45). Additionally, chitin 
utilization may support F. tularensis persistence on other arthropods such as 
zooplankton, copepods, and biting arthropod vectors. A study of F tularensis 
survival in artificial water found that the presence of chitinous fresh water 
shrimps, mullosks, diatoms, or zooplankton promoted sustained viability of this 
pathogen for an additional week to one month in nutrient-poor water (135). 
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Survival on environmental chitin may, therefore, serve as a reservoir for 
disease transmission during seasonal tularemia outbreaks. Palo et al. 
identified a strong epidemiological correlation between areas with low water 
turnover and human cases of tularemia (156). These researchers postulated 
low water turnover as an environmental cue for a burst of F. tularensis 
replication. Such conditions produce the microaerophilic, nutrient-limited 
environment that we demonstrate to promote strong biofilm formation. As with 
cholera outbreaks (58), conditions that promote interaction of F. tularensis with 
chitin surfaces on which the bacteria can replicate may seed infection. Further 
study of F. tularensis biofilm formation and the role of these communities in 
chitin colonization could clarify the open question of the location of the F. 
tularensis environmental reservoir. 
We provide here the first extensive characterization of F. tularensis 
biofilm formation and explore the environmental implications of these 
communities on environmental persistence and transmission; particularly on 
chitin surfaces. We found that carbon and other nutrient limitation, coupled 
with static growth, promotes biofilm formation on multiple surfaces. The F. 
novicida biofilm genes we describe contribute to the ability of this pathogen to 
colonize a surface it encounters in nature. Chitin interaction may be facilitated 
by the F. tularensis stalk and this structure may promote chitinase secretion 
and nutrient uptake. Given the potential multiple roles for the novel F. 
tularensis stalk in varying contexts, this appendage may be a unique example 
of bacterial evolution. Our work provides important first steps to addressing 
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how and where F. tularensis persists in nature, issues that have been largely 
ignored in the literature. Our findings may focus future efforts to explore the 
ecology and transmission of this virulent pathogen. 
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CHAPTER 7: MATERIALS AND METHODS 
7.1 Bacterial strains and culture conditions. 
Francisella novicida strain U112 and F. tularensis subsp. holarctica live 
vaccine strain (LVS), (49, 152) as well as the F. novicida mgIA point mutant 
strain (GB2) (12, 21, 110), F. novicida Francisella Pathogenecity Island (FPI) 
and hspXdeletion mutants (208), have been previously described. F. 
tularensis subsp. tularensis strains, SchuS4 and AS2058 (FT.10), were 
provided by Jean Celli and the New Mexico Department of Health, 
respectively, and handled under biosafety level-3 (BSL-3) precautions per 
Centers for Disease Control and Prevention protocol. The AfevR, AcphA, and 
AcaiC F. novicida deletion mutants were made by Anna Brotcke (20). Unless 
otherwise noted, strains were grown in modified Mueller Hinton media (MMH), 
(Difco, Corpus Christi, TX) supplemented with 0.025% ferric pyrophosphate, 
0.02% IsoVitaleX (Becton Dickinson, Franklin Lakes, NJ) as a cysteine source, 
and 0.1% glucose as a carbon source. For some experiments, F. tularensis 
strains were grown in Chamberlain's Defined Medium (CDM) (124) with or 
without glucose. For enumeration studies, bacteria were grown on MMH agar 
plates. Vibrio cholerae strain El Tor and the AmshA isogenic mutant strain 
were kind gifts of Melanie Blokesch and Gary Schoolnik (129). Strains were 
grown in Lauria-Bertani (LB) broth or Defined Artifical Salt Water medium 
(129). V. cholerae was plated on LB agar plates for enumeration. 
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7.2 Imaging F. novicida colonization on chitin films and sterile crab shell 
pieces. 
Wild-type F. novicida was allowed to attach to either synthetic chitin films (217) 
or sterile crab shell pieces for 1 h. After 1 h, surfaces were washed 3X with 
phosphate buffered saline to remove non-adhered bacteria and samples were 
incubated at 30°C in CDM without glucose. After one hour and one week of 
incubation, respectively, crab shell and chitin film samples were processed for 
scanning electron microscopy (SEM) investigation. Substrates with attached 
cells were fixed for 3 days at 4°C in 4% paraformaldehyde with 2% 
glutaraldehyde in 0.1 M NaCacodylate Buffer (pH 6.3) (EM grade, EMS, 
Hatfield, PA). After primary fixation, samples were rinsed in the same buffer, 
post-fixed in 1% aqueous OsC^for 1 h, and dehydrated in an ascending 
ethanol series (30, 50, 70, 80, 90, 100%; for 20min each), followed by critical 
point drying with liquid C02 using a Tousimis SAMDRI-VT-3B apparatus 
(Tousimis, Rockville, MD). Samples were mounted on adhesive carbon film on 
15mm aluminum stubs, and sputter-coated with 100A gold/palladium using a 
Denton Desk 11 TSC Sputter Coater. Visualization was carried out with a 
Hitachi S-3400N VP SEM (Hitachi Ltd, Pleasanton, CA) operated at 10-15kV, 
working distance 8-10mm, and secondary electron detector. Images were 
capture in TIF format. 
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7.3 Growth in CDM broth. 
F. novicida was grown overnight in CDM at 37° with aeration. The culture was 
then diluted to Optical density 600nm (OD6oo) using an Ultropec 2100 Pro 
spectrophotomer (Amersham Biosciences, Pittsburgh, PA) 0.05 in either CDM 
with no sugar, CDM with 10mM glucose or 10mM GlcNAc. Optical density 
and colony forming units (CFU) were monitored over time for each media 
condition. The doubling time for each culture was calculated. 
7.4 Imaging of flow cell grown biofilms. 
Flow cells were assembled as previously described (31,190). The flow 
system apparatus was sterilized and pre-conditioned with MMH plus 5ug/ml_ 
tetracycline (Tet5) overnight at ambient temperature (20-22°C). F. novicida 
harboring the pKK219-GFP plasmid (74, 105) was grown overnight at 26° C in 
MMH Tet5 with aeration. Overnight-grown bacteria were diluted 1:50 in fresh 
media and grown to optical density 600 (OD6oo) 1 0. The culture was then 
diluted to OD600 0.1. Flow was stopped on the flow system and 1ml of culture 
was inoculated into each channel of the flow cell. Flow cells were inverted for 
1 h to allow the bacteria to adhere. Flow cells were then uprighted and flow 
was initiated at 0.1 ml/minute. Biofilm progression at ambient temperature 
was imaged by confocal microscopy (Bio-Rad, Hercules, CA) every 24h over 
the course of 5 days. Z-sections were taken with 0.1 urn steps and 3-D 
renderings of the z-stacks were generated using Volocity imaging software 
(Improvision, Lexington, MA). 
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7.5 Crystal violet assaying for biofilm formation. 
Crystal violet assaying for biofilm formation was performed as previously 
described (148). Briefly, Francisella strains were grown overnight at the 
appropriate temperature. Cultures were diluted into fresh media to OD6oo 0.05 
and 200ul aliquoted per well in a 96-well polystyrene plate in at least triplicate. 
The bacteria were allowed to grow statically and sampled at various time 
points. The OD570 was read in a 96-well microplate reader (BioTek, Winooski, 
VT). At each time point non-adhered bacteria were removed from the well and 
30ul of 0.1% crystal violet was added to each well for 15 minutes. Wells were 
washed three times with distilled water and the remaining biomass-absorbed 
crystal violet was solubilized with 95% ethanol. Staining was then quantified 
at OD57o in a 96-well microplate reader (labeled CV57o)- All OD readings for 
the assay comparing relative crystal violet staining between lab strains of 
Francisella and Type A Francisella were obtained at 600nm (CV6oo) using a 
NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA). 
7.6 Transposon library screen for biofilm-deficient mutants. 
A sequenced two-allele transposon mutant library was used to test for F. 
novicida transposon mutants that were deficient in biofilm formation (the 
following reagent was obtained through the NIH Biodefense and Emerging 
Infections Research Resources Repository, NIAID, NIH: F. tularensis subsp. 
novicida, "Two-Allele" Transposon Mutant Library Plates 1-14, 16-32). The 
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library represents two or more transposon insertions in all non-essential 
genes. At the time of screening, Plate 15 of the library was unavailable due to 
quality control issues, resulting in a library size of 2,954 mutants. The two-
allele library was received frozen in 96-well format. MMH media was 
inoculated in 96-well plates with the library and mutants grown overnight to 
stationary phase at 37°C shaking at 200 rpm. Overnight cultures were diluted 
1:50 in 200ul of fresh MMH in 96-well plates. Plates were grown statically for 
10h in a 37°C incubator and the ability of each transposon-mutant to form a 
biofilm was assessed as described above. Mutants exhibiting lower potential 
for biofilm formation were classified by crystal violet staining more than two 
standard deviations lower than the plate average. Wild-type F. novicida was 
included on each plate as a positive control and a well of MMH only was used 
as a blank. To account for small differences in culture growth, crystal violet 
staining was normalized to each mutant culture at OD570. Wells where 
significant growth defects were observed were excluded. Biofilm-deficient 
transposon-mutants were retested in triplicate. 
7.7 Secondary screening for attachment. 
Overnight cultures of biofilm mutants identified in our screen were grown in 
triplicate with shaking (200 rpm) at 37°C. Stationary phase cultures (200ul) 
were transferred to new 96-well plates and allowed to adhere statically for 1 h 
at 37°C. Crystal violet staining was assayed as before. Attachment-
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deficiency was defined as crystal violet staining two standard deviations below 
that of wild-type. 
7.8 Bacterial Mutagenesis. 
Targeted deletions were generated in the U112 strain as previously described 
(20) using the primers in Table A1. Briefly, the regions of the chromosome 5' 
and 3' to the gene of interest were amplified by PCR. Using splicing by 
overlap extension (SOE) PCR (121), a kanamycin resistance cassette 
expressed by the groEL promoter was introduced between these regions of 
homology. Briefly, ~500bp sequences flanking the targeted gene were 
amplified and spliced to either end of the gro promoter-resistance cassette 
construct. The resulting PCR product was transformed into F. novicida strain 
U112 by chemical transformation and transformants were selected on MMH 
agar with 30ug/ml kanamycin. Gene deletions were confirmed by sequencing. 
AsecBI, AFTN_1750, and chiA targeted deletion strains were subsequently 
complemented in cis by re-introducing the wild-type gene into the 
chromosome at the original locus, along with the CAT cassette 
chloramphenicol resistance marker, again by SOE and homologous 
recombination of a spliced PCR construct. AsecB2, AostA2, AFTN_0308, and 
chiB deletion mutants were complemented in trans by introducing the wild-type 
gene, as well as the CAT cassette, into gro-gfp pFNLTP6 (123). ~500bp 
regions flanking the gfp gene of pFNTLTP were amplified and spliced to the 
wild-type copy of the gene for complementation with the CAT resistance 
162 
cassette on the 3' end. SOE PCR complementation constructs were 
introduced by homologous recombination with the pFNLTP6 at the Ndel and 
BamHI sites, removing the gfp gene. The resulting plasmid expressed the 
complementing gene under the regulation of the constitutive groEL promoter. 
Complemented strains were selected for growth on 3ug/ml chloramphenicol 
and also confirmed by sequencing. Complementation plasmids were then 
chemically transformed into deletion strains. All complementation primers are 
listed in Table A1. The AchiAAchiB double mutant was constructed using the 
same method as the single deletion strains, except the chiB gene was 
replaced with the CAT cassette instead of the kanamycin resistance cassette. 
7.9 RAW264.7 macrophage infections. 
RAW264.7 macrophages were seeded at 2.5x105 cells per well in 24-well 
tissue culture plates (Becton Dickinson, Franklin Lakes, NJ) and incubated 
overnight at 37°C incubation with 5% C02. Wild-type and mutant U112 strains 
were grown overnight to stationary phase at 37°C with aeration and diluted to 
5x106 colony forming units (CFU) per ml in Dulbecco's Modified Eagle Medium 
(Gibco, Carlsbad, CA) with 10% fetal bovine serum. For each strain, 1ml 
inocula were added to triplicate wells and centrifuged at 730 x g for 15 min to 
mediate attachment. Infected plates were incubated at 37°C with 5% CO2 
(time zero) for 0.5h and washed three times with warm media. Three wells per 
strain were harvested at this time using 0.1% saponin to lyse the cells. CFU 
were enumerated by serial dilution and percent recovered was calculated by 
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normalizing to the inocula. Fresh warm media was added to the remaining 
wells and wells were harvested in triplicate, as above, at 8h and 24h post-
infection. 
7.10 Mouse infections. 
Competitive index (CI) mouse infections were performed as previously 
described (208) in 6-8 week old female C57BL/6J mice (Jackson Laboratories, 
Bar Harbor, ME). Mice were infected intradermal^ or intraperitoneally with 
equal amounts (5x103 CFU) of wild type and mutant F. novicida in 0.05 ml. 
Mice were monitored for morbidity and mortality during the course of infection. 
Mice were sacrificed 2 d post-infection and the spleens were removed and 
homogenized for CFU enumeration. Competitive indices were calculated as 
the ratio of mutant to wild type of the output, normalized for the input, and 
significance was calculated by comparing the CI to 1 (CI of gene with no role 
in virulence) using one sample Mests. All animal infection experiments were 
approved by the Institutional Animal Care and Use Committee and the 
Institutional Biosafety Committee of Stanford University. Deletion mutants for 
the entire Francisella Pathogenecity Island (FPI) and negative control, hspX 
chaperone gene were described previously (208). 
7.11 Crab shell attachment. 
Overnight cultures were grown at 30°C in MMH medium. Approximately 1cm2 
pieces of sterile crab shell were inoculated with 2ml of stationary phase 
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cultures in 12-well plates. After 1 h at 30°C, the shells were washed to 
remove unattached bacteria. Attached bacteria were recovered by vortexing 
and enumerated for colony forming units (CFUs). All strains were tested in 
triplicate. Unpaired t-tests were used to determine statistical differences 
between wild type and mutant counts. 
7.12 Drosophila melanogaster infections. 
Oregon Red (OR) Drosophila melanogaster were maintained on dextrose 
medium at 25° C and 65% humidity. All experiments were performed on 5-7 
day old age-matched male flies with the assistance of Madeleine Moule. Wild-
type and mutant F. novicida were grown overnight in TSBc at 37° C. 5x103 
CFU each of wild-type and mutant bacteria were injected into OR D. 
melanogaster in 50 nl using a glass needle and a Picospritzer III injector 
system (Parker Hannifin, Cleveland, OH) on the ventrolateral surface of the fly 
abdomen. Infected flies (^> flies/mutant group) were maintained at 29° C for 2 
d and then F. novicida were recovered for enumeration by homogenization. CI 
values for each mutant tested were determined as described above. 
7.13 Statistical analysis. 
Statistical analysis was performed using Prism4 software (GraphPad, La Jolla, 
CA). Unless otherwise stated, unpaired Student's t tests were applied, and 
two-tailed P-values are shown. For mouse CI data, one-sample Mest was 
used to compare mutant:wild-type bacteria ratio to an expected value of 1. 
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7.14 Microarray analysis of broth grown F. novicida expression profiles. 
F. novicida was grown overnight in either MH or CDM medium. Cultures were 
then diluted to OD6oo0.01 in the appropriate medium. Aerated cultures were 
grown in 500 ml total volume, while static cultures were grown in several 50 ml 
aliquots. Bacteria were grown at 37° C and sampled over time for both CFU 
and OD enumeration. Approximately 1x108CFU were harvested at each 
timepoint for RNA preparation as previously described (188). Bacteria were 
collected on 0.22 micron filters (Whatman, Kent, ME) and flash frozen in liquid 
nitrogen and stored at -80° C. RNA from each samples was recovered by 
Trizol reagent (Invitrogen, Carlsbad, CA) followed by chloroform extraction. 
RNA preparations were cleaned up and concentrated using the RNeasy Mini 
kit (Qiagen, Valencia, CA). F. tularensis microarrays and hybridization 
protocol were previously characterized by Anna Brotcke (20, 21). For each 
microarray, 1 ug of RNA from a single sample was reverse transcribed using 5 
ug of random hexamers (Amersham Biosciences, Piscataway, NJ) and 
Superscript III (Invitrogen, Carlsbad, CA). This reaction incorporated amino 
allyl dUTP (2.5 mM) into nascent cDNA. We purified cDNA using Zymo DNA 
purification columns per manufacturer's instructions (Zymo Research 
Corporation, Orange, CA). Samples were then labeled with Cy5. A pooled 
reference was also generated by combining equal amounts of each sample. 
Reference samples were labed with Cy3. Unincorporated dye was quenched 
using 5 pi 4M hydroxylamine and removed using Zymo DNA purification 
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columns. 2 ul 20mg/ml yeast tRNA (Invitrogen, Carlsbad, CA), 4.25 ul 20X 
SSC, and 0.75 10% SDS were added to combined cDNA sample and 
reference (in 19 ul TE). Probes were boiled at 99° C for 2 min to denature 
cDNA strands. Probes were then hybridized to the 70-mer oligonucleotide 
microarray developed by the Monack lab for 14 h at 99° C (21). Two minute 
stringency washes were performed as described by Eisen et al. (51): 1) 2X 
SSC, 0.3% SDS; 2) 2X SSC; 3) 1X SSC; 4) 0.2X SSC. Microarrays were 
scanned and analyzed using a GenePix 4000A scanner and GENEPIX5.1 
software (Axon Instruments, Redwood City, CA). TIFF files of microarray scan 
were uploaded to the Stanford Microarray Database (176) and normalized 
data were retrieved. Problematic spots were excluded based on irregular spot 
appearance, a regression correlation of <0.6 or a Cy3 net mean intensity 
<100. Only spots with good data for >70% of the microarrays were subjected 
to further data analysis. Hierarchical clustering of the log2(red/green) values 
using Cluster (52) was visualized in Java TreeView (170). Expression profiles 
of each growth condition were compared using Significance Analysis for 
Microarrays v.1.21 (197). Two-class and Multiclass analyses were used in this 
software implementing a false discovery rate of 1%. 
7.15 TEM characterization of F. tularensis stalk formation. 
F. novicida and F. tularensis subsp. tularensis strain SchuS4 were grown 
statistically in TSBc for 5-7 d. Pellicle bacteria were recovered by scraping 
and processed for negative stain or thin section TEM. 
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Negative staining: Cultures were washed 3X in PBS and 20 ul of 1:5 dilutions 
were spotted onto carbon coated grids and allowed to adhere for 2 min. Grids 
were washed 2X with distilled water and stained for 2 min with 1% uranyl 
acetate. Stained samples were washed 2X with distilled water and dried with 
filter paper. 
Thin sectioning of bacteria and infected eukaryotic cells: Biofilms grown on 
polystyrene and eukaryotic cells infected as described above were thin 
sectioning. Cells were fixed with 2% gluteraldehyde in phosphate buffer for 30 
min at 4° C. Samples were washed 2X phosphate buffer and stained with 1 % 
OSO4 for 1 h at room temperature. Excess stain was washed away with 
distilled water (2X) for 10 min each and samples were incubated overnight in 
0.5% uranyl acetate. Samples were then dehydrated with increasing ethanol 
concentrations (25%, 50%, 75%, 95%, and 100%) for 5 min each. Polybed 
was used to prepare samples for infiltration and samples were embedded in 
gelatin capsules at 60° C overnight. Embedded cells were section using a 
60nm Leica Microtome (Leica Microsystems, Bannockburn, IL) on 200 mesh 
grid and stained with uranyl acetate and lead citrate. 
7.16 Intracellular localization assay. 
Localization of intracellular bacteria was determined by selective membrane 
permeabilization using a procedure developed by Jean Celli (30). Briefly, 
infected BMDMs were washed three times with KHM buffer (110 mM 
potassium acetate, 20 mM HEPES, 2 mM MgCI2, pH 6.3) and the plasma 
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membrane selectively permeabilized by incubation with 50 ug/ml digitonin 
(Sigma) in KHM buffer for 1 min at room temperature. Cells were then washed 
immediately with KHM buffer and rabbit polyclonal anti-calnexin (specific to the 
cytoplasm-facing C-terminal tail; Stressgen Biotechnologies, Ann Arbor, Ml), 
and Chicken polyclonal anti-F. tularensis antibodies (Aves Labs, Tigard, OR) 
were delivered to the macrophage cytosol for 12 min at 37°C to label the 
endoplasmic reticulum of permeabilized cells and accessible intracellular 
bacteria, respectively. BMMs were then washed with PBS, fixed with 3% 
paraformaldehyde, pH 6.4, at37°C for 10 min, washed three times with PBS, 
and then incubated for 10 min in 50 mM NH4CI in PBS in order to quench free 
aldehyde groups. Goat anti-chicken 594 secondary antibodies were used to 
label cytoplasmic F. novicida red. All host cell membranes were then 
permeabilized in 10% horse serum-0.1% saponin in PBS for 30 min at room 
temperature. Bound anti-calnexin antibodies were detected using cyanin 5-
conjugated donkey anti-rabbit antibodies (Jackson ImmunoResearch 
Laboratories), and all intracellular bacteria were labeled using the same anti-
F.novicida antibodies. All intracellular bacteria were then labeled green with 
goat anti-chicken 488 secondary antibodies. This technique resulted in a 
differential staining of cytoplasmic bacteria (Alexa Fluor 488/594 dual 
fluorescence) and those enclosed within an intact phagosome (488 single 
fluorescence). Infected cells were imaged by CLSM (Bio-Rad, Hercules, CA). 
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7.17 Screen for F. novicida stalk mutants. 
The Two Allele F. novicida library described above was grown for 7 d statically 
in TSBc in 96-well plates at 37° C. Cultures were diluted 1:100 in PBS and 18 
10-ul were spotted per glass microscope slide and allow to dry for 30 min. 
Multiple slides were placed in a holder and stained in 400 ml solutions by 
submersion. Samples were labeled with a chicken anti-F. novicida polyclonal 
antibody and stained with a goat anti-chicken 488 secondary antibody. Stalk 
formation was determined by epifluorescence microscopy (Zeiss, Thornwood, 
NY). Stalk-deficient mutants were confirmed in triplicate. 




































































chiAcomp chrom F 
chiAcomp chrom invl 
chiAcomp chrom inv2 
chiAcomp chrom R 
chiBcomp pFNLTP6 F 
chiBcomp pFNLTP6 R 
secBlcomp chrom F 
secBlcomp chrom invl 
secBlcomp chrom inv2 
secBlcomp chrom R 
secB2comp pFNLTP6 F 
secB2comp pFNLTP6 R 
ostA2comp pFNLTP6 F 
ostA2comp pFNLTP6 R 
FTN_0308comp pFNLTP6 F 
FTN_0308comp pFNLTP6 R 
FTN_1750comp chrom F 
FTN_1750comp chrom invl 
FTN_1750comp chrom inv2 
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